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ABSTRACT 
The main focus of this study is the transcriptomic analysis of bacterial stains exposed to lignin 
hydrolysate-related compounds to determine the effects of them on global gene expression thereby 
evaluating their stresses, and the use of the results from the analysis to make novel strains. To achieve 
this, some works were performed: transcriptomic analysis with a model organism and its use for 
biosensor construction, and another transcriptomic analysis using a fermentative strain and 
construction of lignin-derived phenolic compound tolerant strain. 
Initially, global transcriptional response of E. coli BL21 (DE3) exposed to ferulic acid was 
investigated by microarray. When E. coli BL21 (DE3) was cultured in presence of 0.25 or 0.5 g/L 
ferulic acid, several gene sets showing significant change were identified. It was also shown that 
several individual genes were strongly up-regulated, including marA, inaA, aaeA and aaeB. Thus, 
these 4 genes, along with htpG, were selected as biomarker genes for phenolics toxicity. Five 
biomarkers were applied to monitor the response of E. coli exposed to various phenolic acid and 
aldehyde, which can be generated from lignin, and spruce hydrolysate, where the potential of those 
five genes was demonstrated as biomarkers to determine toxicity of lignin-derived chemicals. 
Afterwards, based upon the analysis, transcriptional fusions with the lux operon were 
constructed using the promoter of inaA, aaeXAB, and yhcN, giving pSP4, pDMA3, pDMY1, 
respectively, in collaboration with Ajay Kalanjana Monnappa. First, pSP4 was characterized within E. 
coli BL21 (DE3) with several compounds, suggesting that phenolics were major inducers other than 
acetic acid and furfural. The Plasmid pSP4 inside different hosts was also tested, including mar 
regulon mutants, and compared with pDMA3 and pDMY1. Furthermore, these bioreporter strains 
were applied to monitor the degradation of several aromatic compounds by T. aromatica or A. baylyi, 
and to analyze spruce and rice straw hydrolysates, which demonstrates that the bioreporters 
constructed are possible to analyze lignocellulosic biomass hydrolysates for the presence of inhibitory 
phenolic compounds. In addition, a novel technology for improving response of bioreporter strains 
was investigated by using serum complement. The effect of this method was proven using genotoxin 
detectable bioreporter, pRec3. 
Finally, the effects of ferulic acid on growth, solvent production, and transcriptome of C. 
beijerinckii NCIMB 8052 were investigated. C. beijerinckii growth rate and butanol production was 
decreased by ferulic acid at 0.5 g/L. Through microarray analysis with 3 different exposure duration, 
several groups of the genes were found to be highly up-regulated or down-regulated, including efflux 
system, heat shock proteins, and two-component system. Among the genes showing significant 
induction responding to ferulic acid, groE operon genes was overexpressed within C. beijerinckii to 
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Chapter 1. Preface: Literature Survey on Lignocellulosic Biomass  
 
1.1 Introduction 
1.1.1 Importance of Lignocellulosic Biomass in Biofuel Production 
As the current issues on environment and depletion of fossil fuels increase, acetone-butanol-
ethanol (ABE) fermentation by clostridia has been considered again as a substitutable method to 
produce the transportation fuel, such as gasoline. The researchers, at the beginning, focused on the 
biofuel production from the sugar- or starch-based crops, such as corn. However, its sustainability has 
been controversial because this kind of feedstock as a resource for biofuel has competed with as food 
crop. This competition results in the moral issue as well as the increase of the crop price in the market, 
which attributes the economical infeasibility of the business. Also, it has recently been reported that 
the corn ethanol has negative effect on the greenhouse gas emissions.
1
  
To meet this challenge, lignocellulosic biomass has a vast potential as an alternative feedstock 
for the production of biofuels. It is most abundant material and is available as a variety of types, such 
as crop residues, grass, hard and soft woods.
2
 Moreover, the greenhouse gas released can be decreased 
to 65-100% with the use of lignocellulosic biomass instead of petrol.
3
 Due to these advantages 
provided, many researchers have studied the biofuel production using lignocellulosic feedstock, 
which is so-called second-generation biofuel. 
 
1.1.2 Structure of the Lignocellulosic Biomass 
The lignocellulosic biomass, as a chemical, is a complex biopolymer composed of mainly 
three parts: cellulose, hemicellulose and lignin (Figure 1.1).
4
 Cellulose is a long polymer of beta-1, 4-
linked D-glucose units having a high degree of crystallinity.
5
 Hemicellulose is a heterogeneous 
component containing the pentoses (D-xylose and L-arabinose) and hexoses (D-mannose, D-glucose, 
and D-galactose) within a branched polymer structure. Lignin is also a heterogeneous polymer of 
aromatic compounds, but non-carbohydrate components unlike the others.
4
 Due to the complexity of 
lignocellulose, one of the key processes in biofuel production is a pretreatment to disrupt the lignin 
structure and make the carbohydrate parts more accessible to downstream hydrolysis, finally to 
provide monomer sugars available for microbial fermentation. Currently, a number of suitable 
technologies to achieve this are known, including biological and/or physical-chemical pretreatment, 
with each depending on plant material properties.
6
 
During the biomass pretreatment, undesirable components are generated in addition to 
monomeric sugars. These components can be generally classified based on their structure (Table 1.1). 
Weak organic acids, such as acetic acid and levulenic acid, and furan derivatives, such as furfural and 
HMF, are formed from the carbohydrate parts by dehydration of degraded sugars or decomposition of 











Table 1.1 Types of components derived from the lignocellulose biomass 
 
 Sugar component By-product 









Hemicellulose hexose D-mannose, D-galactose, 
D-glucose 
pentose D-xylose, L-arabinose 
Lignin - - phenolic compound 
 





generated by degradation of lignin portion.
8
 Although the composition of these pretreatment 
byproducts are various depending on the feedstock, they have found to be toxic to the microbes 
employed to ferment the sugars and produce the solvents.
9
 Therefore, prior to fermentation, one more 
important step is needed to ensure an effective conversion of lignocellulosic materials to biofuels, 




1.1.3 Trends in the Biofuel Production Using Lignocellulose 
As the second-generation biofuel, several kinds of biofuel have been produced, such as bio-
ethanol, -butanol, and -diesel, using lignocellulosic biomass. Bio-ethanol, as the most widely studied 
one, has been produced by numerous organisms. However, it is limited to use as a fuel since it is 
volatile compound having the lower energy content than gasoline. Moreover, the modification of 
existing engine system is required. Butanol is more beneficial than the ethanol in respect to safety 
problem, the energy content, miscibility with water, and availability of the combustion engine. 
Therefore, the butanol is considered as a better alternative even though it has been shown to be more 
toxic to biological system than the ethanol. Another alternative biofuel is bio-diesel, which can be 
used as jet fuel. Although it can be produced through the reaction of fatty acid with short-chain 
alcohol, high cost of the enzymes is still the problem.
11
 
With the pros and cons discussed above, the researches have been actively going on the 
biofuel production from several types of lignocellulosic material. In this section, the recent biofuel 
production, especially, ethanol and butanol, from the sugars significantly provided by the materials is 
discussed. 
 
1.1.3.1 Butanol Production by Clostridia from Lignocellulose Hydrolysate 
The fermentation by bacterial strain, particularly clostridia, has been widely performed, where 
the most various types of material have been used. Lopez-Contreras et al. reported the ABE 
production from domestic organic waste (DOW), which was treated by extrusion, by C. 
acetobutylicum ATCC 824.
12
 The total sugar present in the polymeric fraction after extrusion of two 
types of DOW, fresh or dried, were 27.7% and 39.3% (w/w), including 18.4% and 25.1% of glucose, 
respectively. For growth of C. acetobutylicum ATCC 824, extruded fresh DOW was used directly, or 
after hydrolysis as 10% suspension, where 3 g/L and 4.2 g/L of butanol were produced, respectively. 
Another interesting substrate is agricultural residues, such as straw or bran. In one such study, 
ABE was produced through the fermentation of wheat straw hydrolysate (WSH) using C. beijerinckii 
P260.
13
 WSH pretreated by dilute acid method provided total sugar at 60.2 g/L after additional 
hydrolysis. From the treated WSH, C. beijerinckii P260 produced 25 g/L of ABE, including 12 g/L of 
butanol, giving the productivity of 0.60 g/L/h and the yield of 0.42. These results were extensively 
improved in comparison with the control culture using similar amount of sugars where 20.1 g/L of 
4 
 
butanol was produced with the productivity of 0.28 g/L/h. Moreover, the ABE production was 
increased up to 28.2 g/L with the higher productivity of 0.63 g/L/h when WSH was supplemented 
with 35 g/L of glucose. Barley straw hydrolysate (BSH) has been also used for butanol production.
14
 
In this study, BSH, which was pretreated with 1% H2SO4, and glucose mixture was used in C. 
beijerinckii P260 culture to get total sugar of 60 g/L, in which 44.9 g/L of sugar was from BSH. 
Although, with the undiluted/untreated BSH, the ABE production, the productivity and the yield were 
much less than the control culture due to the toxicity effect, the fermentation using detoxified BSH 
resulted in higher ABE concentration about 26.64 g/L including 18.0 g/L of butanol. 
Several groups have examined rice bran and wheat bran as the substrate to produce the 
butanol.
15
 One of these groups obtained 33 g/L of sugar at the highest concentration from 100 g/L of 
defatted rice bran (DRB), after testing several treatment methods.
15a
 Then, the fermentation was 
conducted by C. beijerinckii NCIMB 8052 using the hydrolysate of DRB without or with the addition 
of P2 media, generating 6.78 g/L of butanol. In addition, the butanol concentration of butanol 
produced from P2 supplemented hydrolysate was 12.24 g/L, which reached to 73% of that from 
glucose only, suggesting that the DRB can be the alternative substrate for the butanol production. 
Rice bran (RB) has been also used in the fermentation by C. saccharoperbutylaetonicum N1-4.
15b
 In 
this study as well, DRB provided more sugar than RB after pretreatment and hydrolysis, which was 
32.65 g/L similar as described previously.
15a
 Although the sugar concentration found in the 
hydrolysate was decreased to 30 g/L after the removal of inhibitory compound using XAD-4, ABE 
production was increased from 10.51 g/L to 12.13 g/L, with the increase of the utilized sugar by the 
cell. It was also suggested by this group that the pretreatment with sulfuric acid was more appropriate 
than hydrochloric acid to convert the biomass to fermentable sugar. In another study, the sugars 
released from wheat bran was pretreated with sulfuric acid and used for ABE fermentation.
15c
 From 
the sulfuric acid treated wheat bran, total 53.1 g/L of sugar were obtained, including 21.3 g/L of 
glucose, 17.4 g/L of xylose, and 10.6 g/L of arabinose, even without additional hydrolysis by enzyme. 
Those sugars were effectively consumed by C. beijerinckii ATCC 55025, which was mutated from C. 
beijerinckii ATCC 4259, in the fermentation, finally resulting in 11.8 g/L of ABE, containing 8.8 g/L 
of butanol, with the yield of 0.32 and the productivity of 0.16 g/L/h. The result from this research is 
attractive since the butanol titer was higher than control culture using 50 g/L of glucose as the sole 
carbon source, and no treatment was performed to get rid of toxic compounds, furfural and HMF, 
found in the hydrolysate.  
The corn as the resource for biofuel production is not appropriate due to the several problems, 
as described in the previous section, but corn fiber or corn stover, which are generated during the corn 
processing, are useful source as the lignocellulosic biomass. The fermentation of corn fiber 
hydrolysate (CFH) by C. beijerinckii BA101, a hyper-butanol producing mutant, was reported in 
2008.
16
 The corn fiber was pretreated by two different methods, which were the sulfuric acid or hot  
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Table 1.2 Use of lignocellulosic biomass for butanol fermentation by clostridia  
 
Substrate Pretreatment Detoxification Strain Butanold  Ref. 
DOWa 
Extrusion /  
enzymatic hydrolysis 
Dilution C. acetobutylicum ATCC 824 4.2  11 
Wheat straw 
Dilute acid (H2SO4) / 
enzymatic hydrolysis 
- C. beijerinckii P260 12  12 
Barely straw 
Dilute acid (H2SO4) / 
enzymatic hydrolysis 
Overliming C. beijerinckii P260 18e 13 
Rice branb 
Dilute acid (HCl) / 
enzymatic hydrolysis 
Dilution C. beijerinckii NCIMB 8052 12.24 14a 
 





7.72  14b 
Wheat bran Dilute acid (H2SO4) Overliming C. beijerinckii ATCC 55025 8.8 14c 
Corn fiber Dilute acid (H2SO4)  XAD-4 resin C. beijerinckii BA101 6.4 15 
Corn stover 
Dilute acid (H2SO4) / 
enzymatic hydrolysis 
Overliming C. beijerinckii P260 14.5 16 
Cassava  
Liquid hot water / 
enzymatic hydrolysis 
- C. acetobutylicum JB200 9.71 17 
DDGSc 
Liquid hot water / 
enzymatic hydrolysis 
- C. butylicum NRRL 592 12.9f 9a 
 
Dilute acid (H2SO4) / 
enzymatic hydrolysis 
Overliming C. saccharobutylicum 262 12.1f 9a 
 
AFEX /  
enzymatic hydrolysis 
- C. butylicum 592 11.6f 9a 
Switch grass 
Dilute acid (H2SO4) / 
enzymatic hydrolysis 
Dilution C. beijerinckii P260 9.55e 16 
 
 a
 DOW: domestic organic waste 
 b
 De-oiled rice bran 
 c
 DDGS: dried distillers’ grains and solubles  
 d
 Butanol produced using hydrolysate (g/L) 
 e
 Butanol production when supplemented with glucose solution 
 f











water pretreatment, followed by the enzymatic reaction to hydrolyzed cellulose fraction. The former 
resulted in the total sugar of 54.3 g/L including 22.4 g/L glucose, but no more than 1.6 g/L of ABE 
was produced. Therefore, XAD-4 resin treatment was performed, instead of enzymatic hydrolysis, 
due to the inhibitory compounds generated by the acid, which provided 46.3 g/L as the final 
concentration of sugar for the cell growth. At the end of the fermentation, 22.7 g/L of residual sugars 
were found in the medium and 9.3 g/L of ABE was measured. The latter pretreatment did not require 
the detoxification process. C. beijerinckii BA101 produced the total ABE of 8.6 g/L while consuming 
efficiently 24.6 g/L of the sugars from the 25 g/L within this pretreated CFH. The corn stover 





, acid-treated CSH possessed the toxicity, therefore, any growth or solvent 
production was not shown in C. beijerinckii P260 culture using CSH without additional treatment. 
The CSH was diluted in water, mixed with WSH, described previously
13
, and overlimed to cope with 
the toxicity, of which overliming showed the efficient sugar consumption and the highest ABE 
production of 26.27 g/L.  
In addition, the sugars within the hydrolysate obtained from cassava bagasse
18, dried distillers’ 




 has been used for the butanol production by 
clostridia. Lu et al. reported the use of cassava bagasse hydrolysate (CBH) as the substrate for butanol 
production.
18
 In this study, the hydrolysate was obtained through the hot water pretreatment and 
enzymatic hydrolysis, generating 44.8 g/L of glucose besides small amount of xylose and arabinose. 
When the batch fermentation was conducted by C. acetobutylicum JB200, a high butanol tolerant 
mutant derived from ATCC 55025, using CBH as the sole carbon, total 15.41 g/L of ABE was 
produced, containing 9.71 g/L of butanol. In order to get higher concentration of butanol, the fed 
batch fermentation was performed using the glucose of 584.4 g/L obtained from the concentrated 
CBH was used, which generated 76.44 g/L of butanol with the yield of 0.23. DDGS hydrolysate has 
been also tested with several different pretreatment methods and clostridial strains.
9a
 DDGS 
hydrolysate treated with the dilute acid, liquid hot water and AFEX, followed by enzymatic 
hydrolysis, contained total sugars of 52.6, 48.8 and 41.4 g/L, respectively. Those sugars were 
fermented by 5 different clostridia, which were C. beijerinckii BA101, C. acetobutylicum 260, C. 
acetobutylicum 824, C. saccharobutylicum 262, and C. butylicum NRRL 592, where the ABE 
concentrations varied from 4.9 to 12.9 with yield ranging from 0.30 to 0.35. The highest solvent 
production was obtained from the fermentation by C. butylicum NRRL 592 using liquid hot water and 
enzyme treated hydrolysate, which is 12.9 g/L of ABE. Lastly, the fermentable sugars were obtained 
from the switchgrass by dilute acid pretreatment and enzymatic hydrolysis.
17
 Overliming was also 
carried out to switchgrass hydrolysate (SGH), but it was not beneficial for the fermentation unlike 
other acid pretreated hydrolysate. Instead, the ABE of 14.61g/L was produced from diluted SGH with 
the supplementation of glucose.   
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1.1.3.2 Ethanol Production by the Microorganisms from Lignocellulosic Hydrolysate 
Other than the bacterial strains, several yeast and fungi have been also reported to convert the 
sugar present in the lignocellulosic materials to biofuel (Table 1.3). Among them, Saccharomyces 
cerevisiae and Pichia stipitis for yeast, and Rhizopus oryzae and Mucor indicus for fungi have been 
well known. 
Rice straw has been one of the most interesting materials for the ethanol production by yeast. 
It has been reported that the ethanol was produced from the dilute acid pretreated rice straw with S. 
cerevisiae by separate or simultaneous saccharification and fermentation.
19
 In the separate enzymatic 
hydrolysis, 20 g/L of pretreated rice straw provided the sugars with the highest yield of 0.72 g/g, 
while the highest concentration of sugars were obtained from 100 g/l of straw.
19a
 During the 
cultivation of S. cerevisiae on the hydrolysate, the complete glucose consumption was found within 
20 hours, resulting in the yield ranging from 0.37 to 0.45. Based upon the data shown, 20 g/L of 
pretreated rice straw was the optimum concentration to have the highest ethanol yield of 0.41, which 
was comparable to that of control culture on pure cellulose. For the simultaneous saccharification and 
fermentation (SSF), the higher concentration of pretreated rice straw of 50g/L was used to produce 
ethanol.
19b
 When S. cerevisiae was cultured anaerobically with the enzyme loading, the more ethanol 
were obtained than aerobic culture, as the concentration of 10.2 g/L and the yield of 60.8%. Another 
SSF of rice straw by S. cerevisiae has been known with the different pretreatment method, other than 
using dilute acid. In one such study, the rice straw pretreatment was carried out using NaOH with or 
without microwave treatment.
20
 It was found that the optimized condition is the alkali-microwave 
pretreatment of 100 g/L of substrate and 15mg/g of cellulase to get the best results. Accordingly, 
aerobic culture of S. cerevisiae YC-097 under those conditions resulted in the ethanol concentration 
of 25.8 g/L and the yield of 57.5%.  The rice straw hydrolysate has been also fermented by another 
yeast strain P. stipitis, which can naturally utilize xylose.
21
 The dilute acid treatment of rice straw 
without enzymatic hydrolysis generated much more xylose than glucose within the hydrolysate, in 
spite of the higher portion of cellulose than hemicellulose in rice straw. As the results of the 
fermentation by P. stipitis CCUG 18492, the higher ethanol concentration was achieved in the aerobic 
culture than anaerobic culture, even though the maximum ethanol yield was similar, which is 
attributed to the slow or no assimilation of xylose in the anaerobic culture. However, it was noted that 
under aerobic condition, the uptake of ethanol produced by P. stipitis was shown after the sugar 
consumption was completed. 
Besides the rice straw, wheat straw has been also evaluated as the substrate for S. cerevisiae 
cultivation. The wheat straw pretreated with sulfuric acid was used for SSF by S. cerevisiae TMB 
3400, xylose-fermenting mutant derived from S. cerevisiae USM21.
22
 For the SSF, the WSH adapted 
cell was used to have tolerance against the inhibitor, without detoxification of WSH. Finally, the 
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ethanol of 38.1 g/L with the yield of 0.36 g/g was obtained from the fed-batch SSF under the 
optimized condition determined through the several tests.  
As shown in bacterial fermentation, by-products of corn processing has been also shown to be 
beneficial for ethanol production by yeast. According to the reports, S. cerevisiae 424A (LNH-ST) 
fermented the sugars within the corn stover treated with 1% sulfuric acid or AFEX.
23
 Within the acid 
treated CSH, 4 g/L of glucose and 17.9 g/L of xylose were present, of which 100% of glucose and 83% 
xylose was consumed to produce 9 g/L of ethanol with the yield of 0.48 g/g.
23a
 In case of the AFEX 
treated CSH, the monomeric sugars containing 57.5 g/L of glucose and 28.1 g/L of xylose were 
generated after enzymatic hydrolysis. S. cerevisiae 424A (LNH-ST) under anaerobic condition 
produced the ethanol of 40 g/L using only the hydrolysate, and that of 47 g/L using the hydrolysate 
supplemented with glucose and xylose.
23b
 The SSF of the pretreated corn stover has been also 
reported.
24
 The hydrolysate of corn stover generated by SO2 steam pretreatment contained 5.9 g/L of 
glucose and 36.2 g/L of xylose within the liquid fraction, which were used for the batch and fed-batch 
SSF by S. cerevisiae TMB3400. Due to the inhibitory effect of the hydrolysate, the cell was adapted 
to CSH so that it would be more tolerant instead of the removal of toxic components by detoxification. 
The final concentrations of ethanol produced during batch and fed-batch reaction were 30.3 g/L and 
36.8 g/L at the highest, respectively. 
Recently, the several fungi have been reported to convert the sugars, both hexose and pentose, 
to ethanol. Due to these characters of fungi, several groups have investigated their ability to produce 
ethanol from lignocellulosic biomass and/or have compared with the yeast strains. The filamentous 
fungi, M. indicus CCUG 22424 and R. oryzae CCUG 28958, were tested and compared to S. 
cerevisiae in separate or simultaneous saccharification and fermentation of dilute acid treated rice 
straw.
19
 The ethanol yields from the anaerobic cultivation of those fungi using enzymatic hydrolysate 
were slightly lower than the S. cerevisiae, which were 0.39 and 0.36 compared to 0.41
19a
, while, for 
the SSF experiment, the fungi produced more ethanol with higher yield.
19b
 M. indicus CCUG 22424 
has been also compared to another yeast strain, P. stipitis CCUG 18492.
21
 In this study, P. stipitis was 
shown to be more beneficial for ethanol production. Under the identical cultivation conditions, the 
ethanol yield by the fungus was 0.24 g/g whereas 0.38 g/g was resulted from the yeast.  
Moreover, wood biomass hydrolysate utilization of the fungi has been known. Millati et al. 
tested 9 strains to produce the ethanol from the dilute-acid pretreated spruce containing the sugars of 
42.7 g/L as well as the furan components.
25
 Of the tested fungi, M. hiemalis CCUG 16178 and M 
indicus CCUG 22424, showed the greatest capability to produce ethanol from the hydrolysate, giving 
the yield of 0.44. Also, it was found that the inhibitors, such as furfural, acetic acid and HMF, within 
the hydrolysate could be consumed by those strains. In addition to the zygomycetes described above, 
one of the basidiomycete has been reported to use lignocellulosic material for ethanol production, 
which is Trametes hirsuta.
26
 Since T. hirsuta as one of the white rot fungus has been known for 
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biological pretreatment of biomass, the strain was cultivated within the rice straw prepared by just 
cutting or ball milling treatment in this study. From the 20 g/L of rice straw and wheat bran, the 
ethanol was produced as 3.0 g/L and 4.3 g/L, respectively. Although the ethanol production was 
slightly improved to 3.4 g/L using ball milled rice straw, it was suggested that the direct use of 
biomass is more economical because of the considerable amount of energy the ball milling treatment 
requires. Interestingly, no sugar detection was found in the cultivation profiles, due to the nearly 
































Table 1.3 Use of lignocellulosic biomass for ethanol production by yeast and fungi  
 
Substrate Pretreatment Strain Ethanola Etc.b Ref. 
Yeast 
     
Rice straw 
Dilute acid (H2SO4) / 
enzymatic hydrolysis 
S. cerevisiae 0.41  18a 
 
Dilute acid (H2SO4) / 
enzymatic hydrolysis 




S. cerevisiae YC-097 0.58 (25.8) SSF 19 
 Dilute acid (H2SO4) P. stipitis CCUG 18492 0.38  20 
Wheat straw 
Dilute acid (H2SO4) / 
enzymatic hydrolysis 
S. cerevisiae TMB3400 0.36 (38.1) SSF 21 




S. cerevisiae 424A (LNH-ST) 0.51 (40)  22b 
 Steam (SO2) S. cerevisiae TMB3400 0.54 (30.3) SSF 23 
Fungi      
Rice straw 
Dilute acid (H2SO4) / 
enzymatic hydrolysis 
M. indicus CCUG 22424 0.39  18a 
 
Dilute acid (H2SO4) / 
enzymatic hydrolysis 
R. oryzae CCUG 28958 0.36  18a 
 
Dilute acid (H2SO4) / 
enzymatic hydrolysis 
M. indicus CCUG 22424 0.68 (11.35) SSF 18b 
 
Dilute acid (H2SO4) / 
enzymatic hydrolysis 
R. oryzae CCUG 28958 0.74 (12.35) SSF 18b 
 Dilute acid (H2SO4) M. indicus CCUG 22424 0.24  20 
 -
c
 T. hirsuta 0.57 (3.0)  25 
 Ball milling T. hirsuta (3.4)  25 
Wheat bran - T. hirsuta 0.78 (4.3)  25 
Spruce Dilute acid (H2SO4) M. hiemalis CCUG 16178 0.44  24 
  M. indicus CCUG 22424 0.44  24 
 
 a
 Ethanol produced from hydrolysate (yield, g/g (concentration, g/L)) 
 b
 Simultaneous saccharification fermentation 
 c







1.2 Biological Activities of Lignin Hydrolysate-Related Compounds 
It has been emphasized in the previous section that the pretreatment process is necessary for 
the use of biomass and by-product is released from the process. Of the possible by-products, phenolic 
compounds, which can be derived from lignin, might not be considered as severe inhibitors for the 
biofuel production in that the portion of lignin is much less than that of the sugar-hydrocarbon (up to 
20%). Also, most of the derivatives are insoluble
27
, which can be partially removed by the 
detoxification methods.
10
 However, it is reported that phenolics, such as p-coumaric acid and ferulic 
acid, showed inhibitory effects on the production of ABE by clostridial strains
9
 and the cell growth of 
E. coli.
28
 Most of the studies, where the butanol fermentation was performed with biomass, also 
carried out detoxification to reduce the inhibition effects (Table 1.2). Nevertheless, it should be noted 
that those compounds would affect other species in positive ways. In this part, therefore, the recent 
research looking at the biological activities of these compounds are presented. 
 
1.2.1 Hydroxycinnamic Acids from Lignin Hydrolysis 
When the lignin portion of plant biomass is hydrolyzed, various phenolic acids are released. 
Despite the different substituent groups that may be present, they are mainly based on the structure of 
benzoic and cinnamic acids.
29
 The most common derivatives of hydroxybenzoic acids are p-
hydroxybenzoic and vanillic acids while p-coumaric and ferulic acids are the most commonly found 
derivatives of hydroxycinnamic acids (Figure 1.2).
30
  
One of the best well-known biological activities of hydroxycinnamic acid is its antioxidant 
property due to its free radical scavenging capabilities.
31
 This antioxidant action is attributed to the 
distinctive structure of hydroxycinnamic acid with electron donating groups, leading to resonance 
stabilization of the compound.
32
 These properties have been shown to prevent DNA and lipids from 
oxidation by reactive oxygen species.
33
 Therefore, it should not be surprising that both ferulic acid 
and p-coumaric acid offer various benefits and have been highlighted as potential therapeutic agents 
to treat disease linked to oxidative stress.
34
 For example, neurodegenerative diseases, such as 
Alzheimer’s or Parkinson’s disease, are characterized by oxidative stress in brain mediated by free 
radical leading to neurotoxic damage.
31
 The reaction of reactive oxygen species (ROS) or reactive 
nitrogen species (RNS) generated in the brain mediated by free radicals can subsequently cause 
protein, RNA and DNA oxidation, which can contribute to neuronal cell death.
33
 The antioxidant 
properties of these compounds have been shown to reduce free radical attack and prevent oxidative 





, respectively. For instance, 25uM of 
ferulic acid significantly protected against amyloid beta-peptide (1-42)-induced toxicity, such as ROS 
accumulation, by direct modulation of the oxidative stress and the induction of  protein expression, 
















Figure 1.2 Lignin hydrolysate-related compounds. (A) Derivatives of hydroxycinnamic acid: ferulic 
acid (left) and p-coumaric acid (right) (B) Derivatives of hydroxybenzoic acid: vanillic acid (left) and 
4-hydroxybenzoic acid (right) (C) Phenolic aldehydes from lignin, vanillin (left) and syringaldehyde 














Derivatives of hydroxycinnamic acid have also garnered attention as potential inhibitors of 
several cancers.
36-37
 Free radicals play a key role in the etiology of cancer and cause critical oxidation 
damage to cellular molecules, such as DNA, protein and lipids.
37a
 With their ability to quench ROS, 
ferulic acid and p-coumaric acid exhibits anti-carcinogenic effects against various cancer cells, 
including both human breast and colon cancer and colon cancer in rats.
37b, 37c, 38
 One striking example 
of this was the dose-dependent study of ferulic acid by the Kawabata group, where they showed 
ferulic acid could block azoxymethane-induced colon carcinogenesis in F344 rats.
37c
 Moreover, these 
compounds are known to possess hepatoprotective, pulmonary protective and anti-apoptotic effects.
39
 
One well known oxidative stress-related diseases is diabetes. Although the mechanism has not been 
elucidated because of its pathophysiological complexity, it is known that diabetes can be caused by 
the overproduction of free radicals, which leads to an endocrine disorder, i.e., low insulin levels.
40
 
Ferulic acid and p-coumaric acid scavenge the free radicals and thereby decrease the oxidative 
stress/toxicity on the pancreas. As a result, the activity of these compounds helps increase the insulin 
level in the blood. Several studies have reported that treatment with ferulic acid or p-coumaric acid 




Furthermore, the hydroxycinnamic acids have been utilized as potent UV radiation absorbent 
compounds. Exposure of UV light can generate the ROS, while a chronic exposure to UV radiation 
results in sunburn, skin aging and skin cancer.
42
 As noted above, the special structures of ferulic acid 
and p-coumaric acid, with their scavenging capacities, provide stable phenoxyl radicals which allow 
them to terminate free radical chain reactions. Consequently, several research groups have studied 
their protective effects and have shown them to be effective against UV radiation-induced skin 
damage
43
, making them an important ingredient in topical UV-shielding agents, such as sunscreens. 
These compounds have also been shown to provide a protective effect for cardiovascular disease and 
related diseases, such as hypertension and atherosclerosis. Cardiovascular disease is the leading cause 
of death globally, with the chances of its development increasing when the patient has the 
hypertension. It is known that hypertension is correlated with increased ROS levels and, consequently, 
can be mitigated with antioxidants.
44
 Previous studies have reported the effectiveness of 
hydroxycinnamic acids, particularly ferulic acid, on attenuating increases in a patient’s blood pressure, 
i.e., the are hypotensive.
45
 Another cardio benefit offered by theses lignin-related compounds is that 
they are anti-atherogenic. Atherosclerosis, as another type of cardiovascular disease, is derived from 
the oxidative modification of lipids and proteins in the vascular wall
46
, leading to the build up and 
depositing of plaque within the vessels and the constriction of blood flow. Administration of ferulic 
acid and p-coumaric acid has demonstrated its influence on atherosclerosis by lowering the 





Besides the antioxidant effects mentioned above, one recent report has shown another 
important biological activity of p-coumaric acid, namely that it acts as a new class of quorum sensing 
molecules.
48
 Within many bacteria, fatty acids are usually used to synthesize fatty acyl-homoserine 
lactone signals that they use for cell-to-cell communication. The process and components involved in 
bacterial communication with each other, current techniques and applications within labs, as well as a 
discussion about the purpose of cell-to-cell signaling amongst bacteria was recently reviewed by our 
group and provides much more information about this remarkable facet of microbiology.
49
 The 
photosynthetic bacterium, Rhodopseudomonas palustris includes a luxI-luxR type homologue pair in 
its chromosome, designated rpaI-rpaR. Using this pair of genes, Schaefer et al. recently found that 
rpaI expression and activity is dependent on p-coumaric acid being present within the culture
48
. Their 
report shows that R. palustris produces a novel signaling molecule by covalently linking p-coumaric 
acid with the acyl-homoserine lactone (HSL) ring, generating p-coumaroyl-HSL, which has a unique 
structure not seen previously, namely that the fatty acyl chain is replaced with an aromatic ring. This 
finding of p-coumarosyl-HSL opens up a new domain of inter-species signaling between bacteria and 




1.2.2 Hydroxybenzoic Acids from Lignin Hydrolysis 
Another group of phenolic acids is the hydroxybenzoic acids (Figure 1.2b), including 4-
hydroxybenzoic acid and vanillic acid, both of which are benzoic acid derivatives and generated 
during the hydrolysis of plant-derived polyphenols. These also can scavenge free radical species and, 
therefore exert an antioxidant effects as hydroxycinnamic acids do. Several studies have demonstrated 
the antioxidant capacities of 4-hydroxybenzoic acid and vanillic acid using 1, 1-diphenyl-2-picryl-
hydrazyl (DPPH).
51
 Although these two compounds, which were isolated from walnut kernels in their 
study, showed only relatively low scavenging activities, they are still potential antioxidant 
components.
51a
 Moreover, it was shown that vanillic acid scavenges the stable radical species, DPPH, 
in a dose-dependent manner, with the highest scavenging effects seen with 60uM of vanillic acid.
51b
 
Due to the antioxidant activity of vanillic acid, it has protective capabilities, such as 
hepatoprotetive effects, against several diseases which are associated with oxidative deterioration, like 
the hydroxycinnamic acids above.
51b, 52
 Furthermore, vanillic acid might suppress fibrogenesis and 
inflammation in chronically injured livers.
52
 The cardioprotective effect has also been demonstrated 
where, due to an increased scavenging of free radicals by vanillic acid during isoproterenol 
metabolism, there is a decreases in lipid production, lipoproteins are better maintained and apoptosis 
in the myocardium is protective.
51b
 Another study determined the beneficial effects of vanillic acid on 
ulcerative colitis.
53
 The administration of vanillic acid showed significant change in physiological 
characteristics of the mice, including weight loss and gene expression patterns. Based upon the anti-
inflammatory response induced, it was suggested as a treatment for ulcerative colitis. 
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In addition, vanillic acid has another unique activity, partially inhibiting the potency of snake 
venom. It was found that vanillic acid selectively inhibited the 5’-nucleotidase activity of several 
enzymes identified within snake venom making this hydrolysate-related compound a potential tool in 
evaluating the role of 5’-nucleotidase activities during snake envenomation.54 
4-hydroxybenzoic acid show s the least toxicity among the lignin-derived phenolics based 
upon the tests with E. coli.
55
 This can be attributed to the fact that it is a naturally produced metabolite 
of E. coli and that an efflux pump system exists, i.e. AaeA and AaeB, to push out any excess that may 
build up within the cell. In fact, it has been reported that the addition of 4-hydroxybenzoic acid 
exogenously results in the up-regulation of the aaeXAB expression levels which encodes for the 
putative efflux proteins.
56
 The authors theorized that this efflux system serves as a metabolic relief 
valve to reduce the toxicity of the compound. Nevertheless, 4-hydroxybenzoic acid exhibited 
antimicrobial activities and fungitoxicity since it strongly inhibited the growth of Ganoderma 
boninense at a concentration of 2.5 mg/mL, which was the highest concentration tested.
57
 In another 
report, the algal toxicity of 4-hydroxybenzoic acid was evaluated.
58
 The toxicity to algae was not very 
great and actually had the least effect among the various monohydroxybenzoic acids. Furthermore, 
although 4-hydroxybenzoic acid inhibited the algae growth at high concentration, stimulation of 
growth at lower concentration (0.3 - 1.0 mmol/L) was reported, suggesting that this compound may be 
a metabolite for the algae but becomes toxic when added at too high of concentration. 
As mentioned above, 4-hydroxybenzoic acid shows some free radical scavenging activity, but 
unlike vanillic acid it was not reported to have any clear inhibition of or protection against oxidative 
DNA damage.
59
 Although 4-hydroxybenzoic acid cannot act as an antioxidant for DNA damage 
caused by oxidative stress in human, it potentially plays a role in plants. To induce freezing and 
drought tolerance within plants, one of the essential factors plants require is a good antioxidant 
capability.
60
 Consequently, the Horvath group has reported that the addition of exogenous 4-
hydroxybenzoic acid improved the tolerance of spring wheat plants towards freezing as well as 
enhanced the drought tolerance of winter wheat plant.
61
 
Another biological activity of 4-hydroxybenzoic acid is its oestrogenic activity, which was 
demonstrated within human and animal models.
62
 An assay using human breast cells was used to 
provide evidence of its oestrogenic effect.
62c
 In that study, 4-hydroxybenzoic acid bound to the 
oesgrogen receptor instead of oestradiol, leading to an increased expression of an oestrogen-
responsive reporter gene. Moreover, it induced the growth of breast cancer cells that are dependent on 
oestrogen, demonstrating the effects of this compound on this signaling pathway. 
 
1.2.3 Phenolic Aldehydes Resulting from Lignin Hydrolysis 
Various phenolic aldehydes are also generated from the hydrolysis of lignin. Most of them are 
the aldehyde type of phenolic acids referred in the previous section, such as vanillin which is the 
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aldehyde type of vanillic acid. Due to the similar structure to acid forms, their biological activities are 
not significantly different. 
Vanillin is one of the components widely used as flavoring agents in food and cosmetics 
(Figure 1.2c). In addition to its flavor qualities, it exhibits the antimicrobial activity as other lignin 
hydrolysate-related compounds do and has been tested for its radical scavenging ability using 
DPPH.
63
 Based upon the findings in both reports, vanillin can be classified as a potent antioxidant, a 
fact which was shown previously in a study where it was used to prevent oxidative damage to 
membranes in rat liver mitochondria.
64
  
In addition to being an antioxidant, vanillin can also exert antimutagenic effects. It was shown 
to reduce mutation in bacterial models
65
, as well as prevent chemically or physically induced 
mutagenesis in human cells.
66
 Another benefit of this compound is its chemoprotective activities 
against inflammation and cancer. Recently, it was reported that vanillin exerts and anti-inflammatory 
activity in ICR mice and the authors suggested that this is due to the release of inflammatory 
mediators being blocked during the first stage.
67
 A subsequent study further demonstrated the anti-
inflammatory effect of vanillin during a treatment of inflammatory bowel diseases where vanillin 
prevented trinitrobenzene sulfonic acid-induced colitis and reduced colitis established in mice.
68
 
Finally, vanillin decreased angiogenesis and showed protection against hepatocarcinogenesis
69
, while 
also displaying anti-cancer properties as evidenced by its inhibition of matrix metalloproteinase-9 and 
P13K gene expression levels and regulation of the cell cycle and apoptosis in HepG2 cells, through 
which it suppressed the invasion and migration of cancer cells.
63b, 70
  
Syringaldehyde is another aromatic aldehyde occurring from the lignin degradation (Figure 
1.2c). It is found to be cytotoxic and identified in medicinal plant extracts. For example, 
syringaldehyde was found in the cytotoxic fraction isolated from the stem of Casearia membranacea 
(Flacourtiaceae)
71
, and stem wood of Machilus ovatifolio.
72
 Syringaldehyde also showed DNA strand-
scission activity.
73
 Four active compounds, including syringaldehyde, were identified within the 
extracts of Gymnosporia trigyna showing this activity, which is now recognized as a new type of 
DNA strand-scission agent. Another group identified syringaldehyde in fruiting bodies of 
Elaphomyces graulates which show cyclooxygenase-2 (COX-2) inhibitory activity and demonstrated 
that syringaldehyde moderately inhibits COX-2 activity, with an IC50 of 3.5 µg/mL.
74
 The inhibitory 
activity was also demonstrated with prostaglandin synthetase, which was inhibited in a dose-
dependent manner.
75
 The authors determined that, compared to aspirin, syringaldehyde had about half 
the potency when applied topically, and showed a dose-dependent inhibition of an ethyl 
phenylpropionate-induced edema of the rat ear, with an active range of 20-100 µg syringaldehyde/ear. 
Syringaldehyde and its derivative are also good antioxidants as shown for other phenolic 
compounds. Lee et al. investigated syringaldehyde-based dendrimers and showed that they have 





 And this compound acts as natural mediators and was shown to greatly 
enhance laccase-based oxidation during the degradation of several pharmaceuticals such as anti-
inflammatories.
77
 Unfortunately, in the presence of transition metals, antioxidants, including 
polyphenols with potent antioxidant activities, may also exhibit pro-oxidant effects, which can 
irreversibly damage DNA. Therefore, antioxidants with strong free radical-scavenging abilities and 
devoid of pro-oxidant effects, including lignin-derived phenolic compounds
78





1.2.4 Furan Components from Cellulose and Hemicellulose 
Furan derivatives, such as furfural or 5-hydroxy-methyl-furfural (HMF) (Figure 1.2d), are not 
lignin-derived compounds, but can be produced from the sugar components present within the 
cellulose and hemicellulose during the hydrolysis of lignocellulosic biomass, showing negative effects 
on the biofuel production.
80
 In fact, the toxicity and effects of these aldehydes have been extensively 
studied, but particularly within yeast and bacterial systems. 
Furfural has been found to be toxic to mammalian cells as well as bacterial strains. Castellino 
et al. evaluated and showed the detrimental effects of furfural in terms of its toxicity and vein 
damaging properties in rabbitsl.
81
 Despite of the toxicity, it was suggested that furfural would be 
extensively metabolized within the body prior excretion.
82
 When the furfural was orally administered 
to rats, almost 90% of the ingested furfural was absorbed through the gastrointestinal tract, of which 
83-88% was excreted through the urine and only 2-4% was excreted in the feces. The various effects 
of HMF has been also investigated in mammalian cells, including mutagenic and DNA damaging 
capacities.
83
 It was found that HMF with 200-400 μM induced the DNA damage detectable. However, 
according to the results, it was only weakly mutagenic, suggesting that HMF does not cause a serious 
health problem, even with the high concentrations found in some food. 
Furan derivatives can also act as antioxidants. HMF can be found in several foods, sometimes 
in high concentration exceeding 1 g/kg. Pearson group analyzed antioxidant compounds in vegetables 
and food having various concentration of aldehyde.
84
 These aldehydes can be present in most of the 
fruits that may have beneficial effects on human health. Also, by investigating the herb-derived 




Furthermore, furan components have been used for therapeutic purposes. For instance, HMF 
is a potential candidate for treating sickle cell anemia.
86
 An in vitro evaluation showed that HMF 
forms a high-affinity Schiff-based adduct with HbS and inhibits red cell sickling. Also, in transgenic 
sickle mice, it was found that orally administered HMF was rapidly absorbed into the blood stream 
from the gastrointestinal tract without being destroyed, and that a pretreatment with HMF inhibited 
the formation of sickle cells. These results strongly demonstrated the feasibility of using HMF for the 
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sickle cell therapies. Another capacity of HMF is the use of it as an anti-arthritic drug. An analysis of 
chemical constituents within an anti-arthritic fraction of Capparidaceae fruits was performed, 




1.2.5 Summary  
Discussions in previous sections looked at the literature and recent research regarding the 
biological activities of compounds found within plant hydrolysates (Figure 1.3). Although much of 
the research related with fermentative processes has found these compounds to be detrimental to the 
bacterial cultures being cultivated, this is clearly not the complete story or picture, as evidenced by 
research performed in a wide array of fields including cancer studies and inflammation-related 
conditions. Many of the studies highlighted in this article clearly demonstrate the benefits of these 
compounds, albeit when used in moderation. Furthermore, if seems clear that these compounds cannot 
be avoided entirely since they have been identified within the foods that we eat. In conclusion, this 
review about the several activities of lignin-derived compounds suggest that collaboration between 
biorefineries and biofuel researchers, who work with lignocellulose and lignin hydrolysate, and 
scientists in other fields, such as cancer biology, medicine, pharmaceuticals and cosmetics, may bring 

















































1.3 Objectives of This Study  
As discussed, although the lignocellulosic biomass, such as wood, agricultural residue, has 
been widely used to substitute the food crops as the resource for biofuel production, its utilization is 
limited due to the complicated processes, including pretreatment, saccharification and detoxification, 
arising from the structural problem of the material. Also, the several steps from raw material to sugars 
available for the microbial fermentation causes the loss of sugars within the biomass as well as the 
increase in the energy and money required, which finally results in the difficulties of the 
commercialization. Especially, the detoxification step is inevitable in the bacterial fermentation since 
the inhibition of bacterial growth or solvent production was always seen where the undetoxified 
hydrolysate of biomass was used. Although the various methods to deal with the toxic compounds 
present in the hydrolysate, they are not still perfect with the extra energy use.  
Therefore, this study is aimed to overcome this limitation for better use of biomass, through 
the more fundamental investigations and their applications. To achieve this, the transcriptomic 
analyses were performed to know how the lignin-derived inhibitory compounds affect the bacterial 
physiology. It was conducted first using Escherichia coli, as a prokaryotic model, and Clostridium 
beijerinckii, a butanol producing strain, which were exposed to ferulic acid. Ferulic acid was chosen 
as a model compound derived from lignin because it has various functional groups on basic aromatic 
ring structure, such as methoxy, hydroxyl, and carboxyl residues, which possibly have the impacts on 
bacteria. Then, based upon the results from the transcriptomics, the useful mutant strains were 
constructed for the downstream applications to the fermentation of lignocellulosic biomass by 
bacterial strains: one is the bacterial biosensor to analyze the toxicity of hydrolysates of biomass and 
the other is phenolics-tolerant strain to produce butanol from the hydrolysates. Finally, these studies 
can contribute to elucidate the toxicity mechanisms of the inhibitory compounds, and can facilitate the 












Chapter 2. Transcriptomic Analysis of Escherichia Coli str. BL21 (DE3): 




Aberrations in the growth and transcriptome of Escherichia coli str. BL21 (DE3) were 
determined when exposed to varying concentrations of ferulic acid (0.25-1 g/L), an aromatic 
carboxylic acid identified within lignocellulose hydrolysate samples. The expression of several 
individual genes (aaeA, aaeB, inaA, and marA) was significantly induced, i.e., more than 4-fold, and 
thus theses genes and the heat shock response gene htpG were selected as biomarkers to monitor E. 
coli’s responses to five additional hydrolysate-related compounds, including vanillic acid, p-coumaric 
acid, 4-hydroxybenzoic acid, feruladehyde and furfural. Hydroxymethylfurfural was also evaluated to 
compare with furfural, which can be categorized into the same group of byproduct. While all of the 
biomarkers showed dose-dependent responses to most of the compounds, expression of aaeA and 
aaeB showed the greatest induction (5-30 fold) for all compounds tested except furfural. Lastly, the 
marA, inaA and htpG genes all showed higher expression levels when the culture was exposed to 






















Lignocellulose offers many benefits in that it is a renewable source of sugar for biofuel 
production, a non-food feedstock and its use aids in reducing or even reversing the carbon emissions 
into the atmosphere as compared to conventional petroleum products. However, during hydrolysis, 
numerous compounds are formed from the lignin portion, including various phenolic acids and 
aldehydes. The exact composition of these compounds varies based upon both the method used for 
hydrolysis and the feedstock sources. Their negative and beneficial activities of hydrolysate 
compounds within a variety of biological systems were covered in introduction part (Section 1.2), 
while another recent study found that some of these compounds actually lead to higher biomethane 
production levels as they can be broken down by the microbes.
88
 Nevertheless, tests have shown that 
these compounds inhibit the activity and growth of other microbes involved in ethanol and butanol 
fermentative processes when present in even small amounts (0.1-1 g/L).
9a, 89
 
For this reason, numerous methods have been studied to mitigate the toxicity due to the 
presence of these chemicals. Several groups evaluated the treatment of the hydrolysate samples in 
order to detoxify or remove the inhibitory compounds. For example, Jönssen et al. used the laccase 
and peroxidase from Trametes versicolor to remove mono-aromatic phenolics from the hydrolysate 
samples.
90
 Likewise, some groups used vacuum evaporation to remove the volatile compounds which 
include vanillin and acetic acid
91
, while other groups evaluated the use of activated charcoal
92
 and 
even lignin residues to absorb and remove the soluble inhibitory compounds.
93
 The most common 
method, however, has been to treat the hydrolysates with alkali solutions and to overlime them.
94
 All 
of these methods require a significant amount of energy, expensive materials or include the 
production of waste materials that need to be disposed of, thereby increasing the system complexity 
and limiting their effectiveness for use on a larger scale. 
As an alternative, other research groups have studied methods to make the fermentative 
microorganism more robust and resistant to the hydrolysate compounds. One simple manner that has 
been used is to culture the strains through a series of inoculums where the subsequent media 
contained more of the toxin or hydrolysate. Several groups used this method to improve the resistance 
of the yeast Candida guilliermondii
95
 and Escherichia coli
96
 to a variety of hydrolysate sources. With 
the use of transcriptomics, it is now possible to determine the effects of various toxins and evaluate 
their stresses to the microorganism through gene expression analyses. Representatively, the 
Papoutsakis group has studied the butanol tolerance in Clostridium acetobutylicum ATCC 824 
through transcriptomic analyses
97
 while another group has determined the effects of furfural, a 
common inhibitory compound found in lignocellulose hydrolysate, on E. coli cultures.
98
 
This study utilized similar analyses to determine the effects of several phenolic acids and 
aldehydes found in hydrolysate samples on the transcriptome of E. coli BL21 (DE3). E. coli was 
selected for this study since it is a model organism for transcriptome studies and is recognized as one 
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of the most promising biocatalysts for the production of biofuels.
99
 Recently, the Liao group has 







, as well as others. Downstream application of 
these strains will likely involve the use of lignocellulose and, therefore, the effects of hydrolysate-
related compounds on the growth of these and similar E. coli strains is definitely a pertinent issue. For 
this reason, this study assessed the effects hydrolysate compounds have on the growth and gene 
expression patterns of E. coli cultures with the eventual aim of identifying biomarker genes that can 
be used to evaluate plant hydrolysates for toxic or inhibitory compounds prior to their use as 






























2.3 Materials and Methods 
2.3.1 Bacterial Strains and Growth  
The bacterial strain used for all the experiments was E. coli BL21 (DE3) unless noted 
otherwise. The E. coli strain is a common lab strain and was selected since this study was undertaken 
to identify biomarker genes to be used to identify harmful conditions. Likewise, to minimize gene 
expression due to starvation the media used was rich, i.e., LB broth, and the optical density was mid-
logarithmic. 
To ensure comparability between the samples, this strain was grown fresh from frozen stocks 
(20% glycerol/-80 °C) by streaking it out on Luria agar plates. After growth overnight at 37 °C, one 
colony was transferred into 4mL of LB within a 15 mL conical tube and grown at 37 °C with shaking 
(250 rpm) at a slant to ensure good aeration until the optical density (OD) was 0.8 at 600nm. The 
culture was then sub-cultured (1:25, v:v) into 50 mL of fresh LB media within a 250 mL flask and 
grown to an OD of 0.4 at which time it was mixed with the test media with a ratio of 1:1 (v:v). The 
test media was also LB but prepare with the hydrolysate compounds added. The final concentrations 
tested were 0.25, 0.5, 1.0, 1.5 and 2 g/L. The toxicity of each compound was estimated by monitoring 
the growth rate of the E. coli cultures using the OD. The bioluminescence (BL) of E. coli BL21 (DE3) 
carrying plasmid pUCDK
103
 was used to determine the effects of several compounds n the metabolic 
activity of the cells. For this, the culture samples (200 µL) were added to white 96-well plates 
(Greiner, USA) and the BL was determined using a Multi-Plus GloMax system (Promega, USA). 
 
2.3.2 Media Preparation 
The compounds tested were ferulic acid, p-coumaric acid, 4-hydroxy-3-methoxy-
cinnamaldehyde, furfural and HMF, all purchased from Sigma-Aldrich (USA), as well as 4-
hydroxybenzoic acid (Junsei, Japan) and vanillic acid (Alfa Aesar, USA). Each of these was the free 
acid form of the compound. For the growth inhibition tests, the LB media was autoclaved with the test 
chemical added. Due to the acidic nature of some of the compounds, each test media had sterile 
dibasic potassium phosphate buffer (1 M) added to a final concentration of 20 mM. The resulting pH 
of all the test samples was 7.0 ± 0.3 (data not shown). 
 
2.3.3 RNA Purification and cDNA Synthesis 
The total cellular RNA was purified fro 5 mL cultures. Initially, the sample was mixed 
RNALater (Ambion, USA) at a ratio of 1:1 (v:v) to stabilize the RNA according to the manufacturer’s 
protocol. After spinning down the cells (4200g, 15 min) and washing them once with sterile 
phosphate buffered saline (pH 7.4), the RNA was purified using the ChargeSwitch
®
 Total RNA 
purification kit from Invitrogen (USA). 
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The complete removal of genomic DNA within purified RNA sample was confirmed using 
PCR with the RecA primer set (Table 2.1), which produces 150 bp fragment. DNA-free samples were 
quantified using a Nanodrop (Fisher Scientific, USA) and run on a denaturing gel to check the RNA 
quality. A total of 1 µg was used to prepare 20 µL of cDNA for RT-qPCR using the First-Strand 
cDNA Synthesis kit from Thermo Scientific (USA) according to the manufacturer’s protocol. 
 
2.3.4 Microarray Experiments 
Microarray analyses were performed using a two-color array system with dye swaps. A total 
of 5 µg of total RNA purified from the samples exposed to ferulic acid was used to generate labeled 
cDNA using the cDNA synthesis was allowed to proceed overnight at 42 °C since longer times led to 
higher cDNA yields according to the manual. 
The Cy3- or Cy5-labeled control and sample cDNAs were mixed just prior to heating the 
sample for 5 min at 95 °C, cooled on ice for 1 min and then hybridized to the E. coli K-12 V2 
OciChip microarray slide (E-biogen, South Korea) overnight at 42 °C for 16 h. After hybridization, 
the slide was washed within in pre-warmed (50 °C) 1 × SSC with 1% SDS followed by washes in 
25 °C 1 × SSC with 1% SDS, 1 × SSC and then three washes in 0.1 × SSC. After drying the slide by 
centrifugation (2000g, 3 min), it was scanned using an ArrayWORX scanner (Applied Precision, 
USA). Each microarray experiment was performed in quadruplicate using cDNA prepared from four 
independently grown and exposed cultures and also with two dye-swaps to ensure that differences tin 
the labeling efficiencies were taken into account. 
After synchronizing the dye-swapped data sets, a total of four replicates were used to analyze 
the effects of two different concentrations (0.25 and 0.5 g/L) of ferulic acid. We performed two kinds 
of analyses for differential expression patterns of genes: gene-set (or pathway) level and individual 
gene level. 
The gene-set level analysis
104
 identifies differential expression patterns of collection of gene s 
that share common functions or other biological features. Gene-set level analysis is known to have 
high sensitivity and statistical power, and thereby aims at identifying ‘subtle but coordinated’ 
expression patterns by multiple genes. For this approach, we used the JProGO web server
105
 which 
was developed for the gene-set analysis of microbe expression data among the options provided, we 
chose the Kolomogorov-Smirnov test that is a threshold free method, and applied the Benjamini-
Hochberg multiple testing with the q-value set to 0.25.  
For the individual gene analysis, we employed the rank product method
106
 instead of the 
conventional t-test. The rank product method is applicable for and is known to perform well with a 
small number of samples (two or more replicates). The R package, RankProd
107
, was used to compute 
the p-values and the proportion of false positives for each gene (Table 2.6-2.9). Only genes with one 
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or no missing values were considered and a missing value, if any, was filled in by using the average 
value of the other replicates.  
 
2.3.5 Real-Time Quantitative PCR 
Based upon the microarray results, several genes that were significantly up- or down-
regulated in response to ferulic acid were selected for further analysis using RT-qPCR. Primers were 
designed so that the Tm of the primers were 58 ± 1 °C and the amplicon was approximately 150-200 
bp in length. Each of the primer sets used are listed in Table 2.1. Each primer was designed to include 
a 5’ additional sequence flap which was shown to improve the fluorescent response and reliability of 
RT-qPCR experiments.
108
 Three cDNA samples were prepared for each test condition using 1 µg of 
total RNA purified from independently exposed cultures and the RevertAid First Strand cDNA 
Synthesis Kit from Thermo Scientific (USA). After preparing cDNA, 2 µL were used for the RT-
qPCR experiments and analyses. 
Using the cDNA prepared above, 2 µL of each cDNA samples was mixed with 48 µL of a 
Sybr-Green RT-qPCR Supermix (RBC Biosciences, Taiwan) prepared with the primers. This sample 
was split between two wells (25 µL each) of a 96-well PCR plate (Roche, USA), giving duplicates for 
each sample. Standards were also prepared using the same protocol but with serial dilutions of E. coli 
BL21 (DE3) genomic DNA. These were used within this experiment to determine the amount of 
cDNA present within each sample well. The plate was sealed using sealing tape and inserted into a 
LightCycler (Roche, USA) and run using with the following program: 95 °C for 5 min followed by 45 
cycles of 95 °C for 10 s, 56 °C for 20 s and 72 °C for 20 s followed by a dissociation step of 95 °C for 
5 s, 65 °C for 1 min and then a gradual increase to 97 °C at a rate of 0.11 °C/s. the data was 
transferred to Microsoft Excel for the analyses while the data plots were all prepared using Origin Pro 
v.8.0 before being exported as GIF files.  
 
2.3.6 Exposure to a Spruce Hydrolysate Sample 
A pH-adjusted spruce hydrolysate sample was kindly provided by Dr. Kim at Kwangwoon 
University. The contents of the hydrolysate were determined using Folin-Coultiers reagent with gallic 
acid as the standard. Likewise, the sugar, furfural and hydroxymethylfurfural (HMF) concentrations 
were all determined using HPLC and GC analyses, respectively, as previously published. Due to the 
color of the hydrolysate sample, the OD could not be reliably measured and so only the RT-qPCR 
data is available and was performed using the same protocol as listed above (Section 2.3.5) for the 






Table 2.1 RT-qPCR primers used in this study and their sequences 
 
Primer Sequences 
16s rRNA For AATAAATCATAACTTGACGTCATCCCCACCT 
16s rRNA Rev AATAAATCATAAGAATGTGCCTTCGGGAACC 
recA For AATAAATCATAATTGCTCAGCAGCAACTCAC 
recA Rev AATAAATCATAACGGCGAACTGGTTGACCT 
grpE For AATAAATCATAACTGCATAATGCCCAGTACGT 
grpE Rev AATAAATCATAATATGTCTGCGATGGTTGAAGG 
clpB For AATAAATCATAACTTCCAGACGTTTGTACAGA 
clpB Rev AATAAATCATAACTTCGGTGAACTGGATTATGC 
marA For AATAAATCATAAATCGCCACTGTCACTGGA 
marA Rev AATAAATCATAAGTTGCGACTCGAAGCCAT 
inaA For AATAAATCATAACCGCAACCTCACGGACA 
inaA Rev AATAAATCATAACACTGGTGGGCAACAGAG 
aaeA For AATAAATCATAACATCGGCTTGCGCTTCC 
aaeA Rev AATAAATCATAATTCTCCCGTACGGCCATC 
aaeB For AATAAATCATAACCGGCCCAGATACAGCA 
aaeB Rev AATAAATCATAAGCTGGGCGGTACTGACA 
htpG For AATAAATCATAACGAACTACGCGTTCGTGT 
htpG Rev AATAAATCATAAGCCACGATAAACGCAGAGT 
ompF For AATAAATCATAAAGGTCATGTCGCCATTGC 


















2.4 Results and Discussion 
2.4.1 Effects of Ferulic Acid on E. coli str. BL21 (DE3) Growth 
Ferulic acid (FA) was selected as the model chemical for this study since it was previously 
shown to inhibit the growth of fermentative bacterial strains at concentrations between 0.25 and 2 
g/L.
9
 Growth tests with E. coli BL21 (DE3) cultures found that low concentrations of FA led to 
significantly lower growth rates in a dose-dependent manner (Figure 2.1). 
To better understand the toxic mechanisms, the total cellular RNA was purified from these 
cultures at set times (10, 30, 60 and 90 min) and used to prepare cDNA. Based on the structural 
similarities between FA and salicylic acid, it was presumed that FA would lead to a significant heat 
shock response, as was seen previously with salicylic acid.
109
 Therefore, the relative expression levels 
of two heat shock genes, grpE and clpB, were determined for each time point. It was found that a 10 
min exposure gave the best response characteristics (Figure 2.2) and, consequently, all subsequent 
transcriptional analyses were performed using mRNA extracted at this time.  
 
2.4.2 Transcriptomic Effects of Ferulic Acid: Gene-Set Level Analysis 
From tests with 0.25 g/L ferulic acid, two significant gene ontology (GO) terms were 
identified whose members were down-regulated (Table 2.2). Among them, the ‘phosphate transport’ 
term was most significant such that four of the ten members were also found in the list of significantly 
down-regulated genes (~4-fold or higher) while seven were down-regulated 1.5-fold or more (Table 
2.2). The reason for this strong response from phosphate transport genes likely is an artefact. In the 
test cultures, the membranes would be disrupted slightly by the phenolic, allowing phosphate to 
“transport” into the cell through the disrupted portion before it can stabilize, thereby raising the 
intracellular phosphate concentrations in the test cultures as compared to the control.  Further 
experimentation is needed to demonstrate this phenomenon. 
‘Sulfate assimilation’ was the second down-regulated GO term. Repression of sulfate 
assimilation is of interest since it was recently reported that furfural inhibits growth of E. coli by 
inhibiting sulfur assimilation, resulting in the induction of many related genes, including the cysCND 
and cysHIJ operons.
98
 In contrast, both of these operons were repressed by ferulic acid in this study, 
albeit only slightly since none of the six members in ‘sulfate assimilation’ was included in the lit of 
significantly down-regulated genes (Table 2.3). As such, this term may represent the ‘subtle but 
coordinated’ expression pattern of a set of genes.104 
We also analyzed the gene expression patterns from an exposure to 0.5 g/L ferulic acid (Table 
2.2). In this case, several significant GO terms were down-regulated, including ‘ion transport’ and its 
two descendants ‘phosphate transport’ and ‘cation transport’ as well as those related to cellular 
localization, resulted from the membrane disruption by ferulic acid (Figure 2.3). The only two terms 







Figure 2.1 Growth characterization of E. coli BL21 (DE3) when exposed to various hydrolysate-
compounds, showing the relative inhibitory activity of each: A. Chemical concentrations testes: 




Ferulic acid Coumaric acid 






Figure 2.2 Time dependent expression of (A) clpB, (B) grpE and (C) fabA showing the rapid and 
short interval for the induction of heat shock genes (clpB and grpE). All of the samples were exposed 
to various concentrations of ferulic acid for a set time before the total cellular RNA was purified for 
RT-qPCR analyses. Based upon these results, an exposure time of 10 minutes was selected for all 




Table 2.2 GO terms showing significant expression changes when E. coli str. BL21 (DE3) was 
exposed to ferulic acid. 
 
GO term  
(GO ID)  
Direction 
of change  
P-value  
0.25 g/L  
0.5 g/L  
# Genes in the GO 
term (% genes 
showing a 1.5-fold 
or higher change)  
Genes showing a 1.5 or higher fold change (log2 
ratio) when E. coli str. BL21(DE3) was exposed to 
0.5 g/L ferulic acid. Values in parenthesis are 
median values from 4 replicates.  
 
Ion Transport  
(BP, GO:0006811)  
Down NS 
3.19E-06 
179 (21%) PhoU (-2.32), PstB (-2.19), YadQ (2.12), PstC (-2.03), 
OmpF (-2.00), PstS (-1.50), PhoB (-1.49), EntD     (-
1.32), AtpE (-1.31), FhuC (-1.26), PhoR (-1.23), FepA 
(-1.08), MgtA (-1.03), FeoA (-1.03), CyoB (0.91), 
PstA (-0.89), B4103 (0.84), Ftn (0.77), FepB   (-0.75), 
FecA (-0.75), FecD (-0.74), PitA (-0.72), Tsx (-0.72), 
AtpH (-0.69), AtpD (-0.67), AtpB (-0.67), PhoE (-
0.66), FhuB (-0.66), FeoB (-0.65), YjbB (0.65), TrkG 
(-0.64), FhuA (-0.63), EntA (-0.63), PhnH (-0.63), 
KdpB (-0.63), CysA (-0.62), 
MotA (0.61), FepC (-0.59) 
 
 
Response to  
Unfolded Protein  
(BP, GO:006986)  
Up NS 
1.49E-05 
30 (40%) HtrB (1.53), HslV (1.37), HtpG (1.22), RpoH (1.17), 
IbpA (0.99), ClpB (0.97), DnaK (0.92), HslU (0.79), 





(BP, GO:0006817)  
Down 5.61E-05 
1.79E-05 
10 (90%) PhoU (-2.32), PstB (-2.19), PstC (-2.03), PstS (-1.50), 




Cation Transport  
(BP, GO:0006812)  
Down NS 
2.22E-05 
117 (19%) EntD (-1.32), AtpE (-1.31), FhuC (-1.26), FepA (-
1.08),MgtA (-1.03), FeoA (-1.03), CyoB (0.91), Ftn 
(0.77),FepB (-0.75), FecA (-0.75), FecD (-0.74), AtpH     
(-0.69),AtpD (-0.67), AtpB (-0.67), FhuB (-0.66), 
FeoB (-0.65),TrkG (-0.64), FhuA (-0.63), EntA  (-
0.63), KdpB (-0.63),MotA (0.61), FepC (-0.59) 
 
 
Quinone Binding  
(MF, GO:0048038)  
Up NS 
7.21E-05 





(BP, GO:0043037)  
Down NS 
7.92E-05 
52 (13%) InfB (-1.29), AsnA (-1.06), YjeA (-0.99), Efp (-0.73), 





(BP, GO:0000103)  
Down 1.11E-4 
NS 
6 (100%) CysI (-0.72), CysD (0.67), CysJ (-0.61), CysC (-0.51), 






(BP, GO:0051641)  
Down NS 
1.22E-04 









Figure 2.3 Membrane disruption by ferulic acid and its effects on the expression of the genes having 
membrane-related function. Through the disrupted portion within the membrane, the ions present 
inside media leaked into the cytoplasm, making the proteins in charge of transport of those ions lose 
their function.  
 
 
Table 2.3 Significant GO terms for 0.25 g/L ferulic acid concentration level 
 
BP GO:0006871 phosphate transport 5.6115E-5 Down 
BP GO:0000103 sulfate assimilation 1.1082E-4 Down 
BP GO:0006791 sulfur utilization 1.1082E-4 Down 
 
 
Table 2.4 Significant GO terms for 0.5 g/L ferulic acid concentration level 
 
BP GO:0006811 ion transport 3.1917E-6 Down 
BP GO:0006986 response to unfolded protein 1.4940E-5 Up 
BP GO:0006817 phosphate transport 1.7909E-5 Down 
BP GO:0006812 cation transport 2.2220E-5 Down 
MF GO:0048038 quinone binding 7.2074E-5 Up 
BP GO:0043037 translation 7.9198E-5 Down 
BP GO:0051641 cellular localization 1.2175E-4 Down 




2.4.3 Transcriptome Effects of Ferulic Acid: Individual Gene Level Analysis 
Genes are listed that showed a significantly higher and lower expression level, which is 1.5-
fold difference, after challenging ferulic acid at 0.25 and 0.5 g/L (Table 2.6-2.9). As shown in these 
analyses, several genes were found to be regulated by even more than 4-fold change. When E. coli 
was exposed to 0.5 g/L ferulic acid, about 20 genes showed a significant change in their expression 
levels (~4-fold or greater) (Table 2.5). Although the changes in expression for several of the genes 
was expected, including several heat shock and membrane-associated genes, e.g., groES and ompF, 
respectively (Figure 2.4), the greatest change was seen from a cluster of genes that include aaeX, 
aaeA and aaeB. All three of these genes are located within a single operon and were shown previously 
to be induced by and involved in the export of 4-hydroxybenzoic acid out of the cell.
56
 
Another operon that was strongly induced was the marRAB operon, which is under dual 
control of the MarR repressor and MarA inducer proteins.
110
 The MarR regulon was previously shown 
to be induced during an exposure to xenobiotics, including salicylic acid.
111
 The results in Table 2.5 
show that nearly one-third of the 19 genes showing a significantly higher expression level are part of 
the MarR regulon, including the inaA gene, which encodes for a gene of unknown functions but is 
associated with changes in the cytoplasmic pH.
112
 This large percentage of genes suggest that this 
regulon may have significant effect on the survival of E. coli when exposed to hydrolysates and their 
individual compounds. 
Based upon the microarray results, several genes that were up-regulated were selected as 
biomarkers for this study, including the highly induced efflux protein genes aaeA and aaeB and the 
MarR regulon activator gene marA. In addition, inaA and htpG, a gene encoding for the protein 
chaperone involved in the heat shock response and protein folding, were also selected based upon the 
GO term and individual gene results (Table 2.2).  
 
2.4.4 Growth Effects and RT-qPCR Results with Other Hydrolysate Compounds 
Subsequent growth tests were performed with a variety of other lignin hydrolysate-related 
compounds (Figure 2.1). All of the compounds tested, except 4-hydroxybenzoic acid led to a dose-
dependent decrease in the growth of the culture for the concentrations tested. From the growth 
retardations obtained, the most potent inhibitors were 4-hydroxy-3-methoxycinnamaldehyde (or 
coniferyl aldehyde), which is the aldehyde from of ferulic acid, and furfural. Whereas the activity of 
4-hydroxy-3-methoxycinnamaldehyde is not clear, the biological activity of furfural is well 
documented and includes interactions with DNA, resulting in single strand breaks
113
, and the 








Table 2.5 Genes showing a ~4-fold or greater change in their expression levels. All genes listed 
showed a significant change in their expression level for at least one of the ferulic acid concentration 
tested. The p-values for all genes were <0.005. Those shown in bold are part of the MarA regulon. 
 
Down-Regulated  Ferulic Acid Conc. 












B3724  phoU  phosphate transport system protein  0.38 0.23 
 
B3725  pstB  phosphate ABC transporter protein  0.34 0.20 
 
B3727  pstC  phosphate ABC transporter protein  0.37 0.23 
 
Up-Regulated 
Gene ID  Annotation  Protein Encoded  0.25 g/L 0.5 g/L 
B0127  yadG  predicted ABC superfamily efflux transporter  1.92 4.18 
 
B0155  clcA  EriC chloride ion ClC channel  2.01 4.50 
 
B0359  yaiX  predicted acyl transferase  1.95 4.21 
 
B0578  nfsB  dihydropteridine reductase  2.17 4.79 
 
B0850  ybjC  predicted inner membrane protein  2.61 5.06 
 
B0851  nfsA  NADPH nitroreductase  2.35 4.27 
 





B1530  marR  MarR DNA-binding transcriptional repressor  2.01 5.35 
 




B1532  marB  multiple antibiotic resistance protein  1.76 4.08 
 




B2946  rsmE  16S rRNA m3U1498 methyltransferase  2.06 4.85 
 
B2947  gshB  glutathione synthetase  1.85 3.67 
 
B3160  yhbW  conserved protein  2.81 5.42 
 
B3238  yhcN  stress-induced protein  10.42 18.17 
 
B3240  aaeB  AaeAB Hydroxylated, Aromatic Carboxylic Acid 




B3241  aaeA  AaeAB Hydroxylated, Aromatic Carboxylic Acid 


















Figure 2.4 RT-qPCR results for 10 genes after E. coli was exposed to various concentrations of ferulic 
acid for 10 minutes. The genes were selected based upon the microarray data and show the results 
from representative genes showing strong induction or repression due to the exposure, including aaeA, 











It was found that this loss in growth was due to inhibition and not loss of viability, which was 
explained by Figure 2.5a. A bioreporter strain, E. coli BL21 (DE3)/pUCDK cultures were exposed to 
various concentrations of either furfural or 4-hydroxy-3-methoxycinnamaldehyde for 15 min, after 
which the bioluminescence (BL) and CFU remaining were determined. Although the BL decreased 
dramatically, indicative of cellular stress, the CFU numbers were unchanged, even in the presence of 
those compounds at 1 g/L. However, a significant amount of stress was experienced by the culture, 
and this stress led to a lower viable cell number with longer exposure, as shown CFU numbers after 2 
h challenge of 4-hydroxy-3-methoxycinnamaldehyde (Figure 2.5b). Since the bioluminescence is 
integrally related with the metabolic state of the cell through the ATP pool and electron carriers
114
, it 
appears that the cells are surviving but at a dramatic cost to their metabolism. 
As with ferulic acid, the expression of the genes selected were monitored after an exposure to 
each of the compounds. Figure 2.6 shows that aaeA and aaeB were both strongly induced by all of the 
aromatic compounds, including both acids and aldehydes, and this was dose-dependent with higher 
concentrations tending to result in a greater expression level. Likewise, the expression of marA was 
induced by most of the aromatic compounds and also in a dose-dependent manner. The only 
exception was 4-hydroxybenzoic acid, which only induced aaeA and aaeB. This lack of response with 
4-hydroxybenzoic acid is likely due to this compound being naturally produced with E. coli through 
the ubiquinone production pathway.
56
 Accordingly, when the 4-hydroxybenzoic acid concentration 
increase, expression of the genes encoding for the AaeA and AaeB efflux proteins, which are 
involved in the transport of 4-hydroxybenzoic acid out of the cell, is induced. The fact that this 
compound is a natural metabolite and that it can be effectively transported out of the cell even when 
added exogenously
56
 helps to explain the lack of both growth loss for the concentration tested and 
responses from the other genes being studied.  
Vanillic acid was also tested in this study (Figure 2.1) and the growth results indicate that this 
compound is much more inhibitory than 4-hydroxybenzoic acid. This is in contrast to a previous study 
with Saccharomyces cerevisiae where addition of 4-hydroxybenzoic acid at a concentration of 1 g/L 
led to a 25% loss in ethanol production while a similar addition of vanillic acid had no effect.
115
 In 
this study, all five of the biomarker genes showed a two-fold or higher expression when E. coli was 
exposed to 0.5 g/L vanillic acid. The results show that the inaA, htpG and marA genes give a dose-
dependent response from all of the compounds rested, except 4-hydroxybenzoic acid, but were for the 














Figure 2.5 Colony forming units (CFU) and bioluminescent responses after exposure to 4-hydroxy-3-
methoxycinnamaldehyde or furfural. (A) The cultures were exposed to various concentraions of either 
compound for 15 minutes, after which BL and CFU were determined. (B) CFU and BL values after a 










 Figure 2.6 Expression of the selected genes within E. coli BL21 (DE3) based upon the hydrolysate-
related compound and its concentration. The genes were selected from Table 2.5 and were analyzed 
after a 10 min exposure. Chemical concentrations tested: white, 0 g/L; light grey, 0.25 g/L; dark grey, 
0.5 g/L; black, 1 g/L. 
 
 
Ferulic acid Coumaric acid 




Such a condition is seen with 4-hydroxy-3-methoxycinnamaldehyde for all of the 
concentrations tested. This compound led to much lower growth rates even when present at only 0.25 
g/L (Figure 2.1), and was clearly the most inhibitory compound tested in this study. Intact mRNA 
samples could not be purified from the culture after an exposure to 1 g/L of this compound. 
Regardless, expression levels for all of the genes selected in this study were significantly higher even 
with only 0.25 g/L, the lowest being 4.2-fold for inaA, while marA was the most strongly induced at 
this dosage. Also, the comparison with ferulic acid convinced the findings from Zaldivar’s study that 
the aldehyde compound was more toxic to E. coli than acid type. 4-Hydroxy-3-methoxy-
cinnamaldehyde has –CHO as a functional group instead of –COOH within ferulic acid, but on the 
same basis. At the same concentrations, the growth inhibition and degree of regulation were more 
severe by aldehyde type. Finally, p-coumaric acid, which is similar to ferulic acid in structure, led to 
comparable response levels and trends as ferulic acid for each gene. These results confirm that the 
biomarker genes identified, and particularly marA, aaeA and aaeB, are strongly expressed when E. 
coli is exposed to several different hydrolysate-related phenolics. 
Besides those five biomarker genes, ompF gene, which was down-regulated by ferulic acid, 
was also tested with several concentrations of the compounds (Figure 2.7). As shown in other genes 
tested in RT-qPCR, the gene expression was regulated most strongly by 4-hydroxy-3-methoxy-
cinnmaldehyde, showing more than 4-fold repression even at 0.5 g/L concentration. The dose-
dependent expression pattern of ompF gene was also found except for furfural, as shown in the 
expression of five biomarker genes, which indicates that this gene may be applicable as another 
biomarker gene. 
 
2.4.5 Represssion of aaeA, aaeB and marA Expression by Furfural 
Furfural is another by-product formed during the acid hydrolysis of lignocellulose which can 
negatively impact fermentation studies and yields.
9
 In contrast to the other compounds tested in this 
study, furfural is not a phenolic but is produced during the hydrolysis of samples containing 5-C 
sugars, such as xylose. Whereas all of the hydrolysate phenolics tested led to an induced expression of 
the aaeA, aaeB and inaA genes, an exposure to furfural at a concentration of 0.25 g/L led to a 2-fold 
lower expression level for each of these genes (Figure 2.6). Higher concentrations (i.e., 0.5 g/L and 1 
g/L) both caused an induced htpG and marA expression but were overtly stressful to the culture and 
led to a significant loss in growth (Figure 2.1), making furfural the second most inhibitory compound 
tested in this study. Hydroxymethylfurfural (HMF) can also be derived from the sugar components 
within lignocellulosic material. Therefore, the effects of HMF on growth inhibition and gene 
expression were analyzed to compare with those of furfural (Figure 2.8). Unlike furfural, HMF was 
not detrimental to E. coli growth even at high concentration tested (i.e., 1 g/L), and did not affect 













Figure 2.7 OmpF gene expression level regulated by 4 different hydrolysate-related compounds (CA: 
p-coumaric acid, 4HBA: 4-hydroxybenzoci acid, 4,3-CiAl: 4-hydroxy-3-methoxycinnmaldehyde). 
Dose-dependence of gene expression were shown in tests with those compounds except for furfural, 




















Figure 2.8 Effects of hydroxymethylfurfural (HMF) on growth (A) and gene expression (B) of E. coli 











2.4.6 Gene expression Regulated by Spruce Hydrolysate  
As noted in the introduction, this study assessed the effects hydrolysate-related compounds 
have on the growth and gene expression patterns E. coli cultures with the eventual aim of identifying 
biomarker genes that can be used to evaluate for toxic or inhibitory compounds with plant hydrolysate 
prior to their use as fermentative media. Consequently, we were interested in testing the activity of the 
five biomarkers when exposed to an actual hydrolysate sample. The pure hydrolysate contained 38 
g/L glucose, 8.1 g/L xylose, 3.4 g/L galactose, 17.5 g/L mannose, 0.23 g/L phenolics, 0.02 g/L 
hydroxymethylfurfural, 0.04 g/L furfural and 2.6 g/L acetic acid. It was mixed equally (v:v) with the 
E. coli str. BL21 (DE3) culture for this experiment and the RNA was extracted as above. The relative 
gene expression levels obtained showed the aaeA and aaeB genes were not significantly induced (1.8- 
and 1.5-fold increased mRNA concentration) but inaA, htpG and marA all had higher expression 
levels, with a 2.8-, 6.9- and 12.9-fold increase in their mRNA concentrations, respectively (Figure 
2.9). 
Larsson et al. reported that 4-hydroxybenzoic acid and vanillin were major constituents in 
untreated spruce hydrolysate.
116
 Whereas 4-hydroxybenzoic acid showed some of the mildest effects 
seen on the expression of aaeA and aaeB, they were still significant (~10-fold), while additional 
studies performed in our lab found vanillin to be as strong inducer, as discussed in the next chapter 
(Figure 3.7, Chapter 3). It is interesting, therefore, that the neither of these genes were induced by the 
spruce hydrolysate. One possible explanation for this is the phenolic concentration, i.e., 0.12 g/L in 
the diluted sample, which was lower than that tested above. This concentration, however, is still 
expected to elicit some response based upon Van Dyk’s results56 and so may be a result of some 
unknown phenolics or possibly an antagonistic effect of the mixture. This is an area of research that 
can be studied further using biosensors based upon the biomarkers selected in this study. In contrast to 
aaeA and aaeB, expression of marA, inaA and htpG were all highly induced, indicating that the 
sample does contain some inhibitory compounds that cause a significant heat shock response and 
induction of the MarA regulon. Using this information, our group has constructed three different 
bioluminescent biosensors and used this strain to sense for both these compounds and the 
hydrolysates, which will be introduced in the next chapter, demonstrating the potential use of these 




















Figure 2.9 Relative expression level of five biomarker genes resulted from RT-qPCR analysis after 
exposed to acid-treated spruce hydrolysate. Control culture was E. coli BL21 (DE3) which was not 













Table 2.6 Genes showing a significantly lower expression level after an exposure to 0.25 g/L ferulic 
acid. The table includes 6 columns - gene.name is the gene index based upon the ecocyc website 
(ecocyc.org); identity lists the gene function according to ecocyc; RP/Rsum lists the computed rank 
product for each gene; FC:(class1/class2) is the computed fold change of the average expression level; 
pfp is the estimated probability of false positive value for each gene; the last is the p-value for each 
gene. The values showing a pfp of less than 0.28 and an FC of 0.66 or lower are listed. 
 
g.name identity RP/Rsum FC:(class1/class2) pfp P.value 
B0929 ompF 5.5663 0.2832 0 0 
B1024 pgaA 7.0852 0.3089 0 0 
B2973 yghJ 8.8285 0.3631 0 0 
B3725 pstB 9.8985 0.3206 0 0 
B2972 pppA 10.8448 0.3406 0 0 
B2974 yghJ 13.1301 0.3855 0 0 
B3724 phoU 13.6934 0.3522 0 0 
B3727 pstC 15.6257 0.3545 0 0 
B2971 yghG 17.9147 0.3878 0 0 
B3728 pstS 21.0409 0.4054 0 0 
B2546 yphD 22.7264 0.3982 0 0 
B2250 yfaZ 28.2814 0.4506 0 0 
B3726 pstA 29.3592 0.4215 0 0 
B2344 fadL 82.4035 0.5695 0.0257 0.0001 
B0399 phoB 91.9242 0.5754 0.034 0.0001 
B3417 malP 108.5225 0.5401 0.0562 0.0002 
B0400 phoR 131.9712 0.6055 0.0916 0.0004 
B1016 efeU 150.9216 0.6251 0.137 0.0007 
B4242 mgtA 152.9208 0.5966 0.1362 0.0007 
B2014 yeeF 154.5005 0.6145 0.1359 0.0007 
B3057 bacA 167.4265 0.6156 0.1596 0.0009 
B3162 deaD 170.0876 0.6424 0.1608 0.001 











Table 2.7 Genes showing a significantly higher expression level after an exposure to 0.25 g/L ferulic 
acid. The table includes 6 columns - gene.name is the gene index based upon the ecocyc website 
(ecocyc.org); identity lists the gene function according to ecocyc; RP/Rsum lists the computed rank 
product for each gene; FC:(class1/class2) is the computed fold change of the average expression level; 
pfp is the estimated probability of false positive value for each gene; the last is the p-value for each 
gene. The values showing a pfp of less than 0.28 and an FC of 1.5 or higher are listed. 
 
g.name identity RP/Rsum FC:(class1/class2) pfp P.value 
B3242 aaeX 1.1892 12.0447 0 0 
B3238 yhcN 1.8612 9.9932 0 0 
B3241 aaeA 3.1302 7.432 0 0 
B3240 aaeB 3.4641 6.723 0 0 
B0850 ybjC 13.4412 2.6067 0 0 
B3160 yhbW 16.9709 2.6735 0 0 
B3028 mdaB 20.7022 2.4065 0 0 
B0851 nfsA 26.7648 2.3169 0 0 
B0578 nfsB 38.0486 2.1539 0 0 
B2237 inaA 42.1034 2.207 0.002 0 
B2889 idi 43.4603 2.1114 0.0018 0 
B1531 marA 46.9166 1.9962 0.0025 0 
B1530 marR 49.7717 1.9973 0.0031 0 
B0155 clcA 55.1366 1.9962 0.0043 0 
B0359 yaiX 55.1731 1.942 0.004 0 
B0814 ompX 59.1861 1.9282 0.005 0 
B1112 bhsA 64.7146 1.9018 0.0071 0 
B2946 rsmE 69.951 2.0093 0.0084 0 
B0802 ybiJ 71.1462 1.915 0.008 0 
B4142 groS 83.6793 1.8348 0.0133 0.0001 
B0479 fsr 88.1454 1.7802 0.0145 0.0001 
B0852 rlmK 89.4139 1.8501 0.0157 0.0001 
B0124 gcd 91.2972 1.8111 0.0158 0.0001 
B1054 lpxL 93.759 1.7819 0.0164 0.0001 
B1643 ydhL 94.4696 1.7603 0.0165 0.0001 
B2947 gshB 97.3497 1.7779 0.02 0.0001 
B0127 yadG 98.0821 1.839 0.02 0.0001 
B1532 marB 100.2787 1.7338 0.0224 0.0002 
B0369 hemB 112.1855 1.8059 0.0343 0.0002 
B1338 abgA 114.4242 1.718 0.0355 0.0003 
B0953 rmf 118.9317 1.7405 0.0391 0.0003 
B3239 yhcO 125.0924 1.6739 0.0436 0.0003 
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Table 2.7 (continued) 
 
g.name identity RP/Rsum FC:(class1/class2) pfp P.value 
B0014 dnaK 138.3339 1.6751 0.0612 0.0005 
B0853 ybjN 147.6168 1.6407 0.0754 0.0006 
B0473 htpG 149.0405 1.6552 0.075 0.0006 
B0128 yadH 162.7401 1.6191 0.0939 0.0009 
B2678 proW 169.4138 1.6023 0.1015 0.0009 
B2970 yghF 173.3312 1.637 0.1067 0.001 
B0448 mdlA 180.5931 1.5916 0.1195 0.0012 
B3035 tolC 184.6692 1.6019 0.1281 0.0013 
B2679 proX 188.0188 1.5913 0.1333 0.0014 
B2173 yeiR 191.3945 1.5763 0.1386 0.0015 
B4299 yjhL 197.8776 1.5212 0.1491 0.0016 
B1661 cfa 201.1765 1.5773 0.1543 0.0017 
B1218 chaC 207.2526 1.5437 0.1719 0.002 
B0311 betA 209.3341 1.5615 0.1724 0.002 
B2710 norV 210.3437 1.5521 0.1728 0.0021 
B2592 clpB 212.4065 1.554 0.1751 0.0021 
B0140 ecpD 218.4321 1.5651 0.1866 0.0024 
B1645 ydhK 235.1624 1.5158 0.2348 0.003 
B2680 ygaX 238.9031 1.5238 0.2402 0.0032 
B1178 pliG 239.6664 1.5234 0.2389 0.0032 
B1677 lpp 246.8858 1.5346 0.2505 0.0035 
B0162 cdaR 249.5617 1.5115 0.2543 0.0037 
B3029 ygiN 262.9522 1.5082 0.2597 0.0043 
















Table 2.8 Genes showing a significantly lower expression level after an exposure to 0.5 g/L ferulic 
acid. The table includes 6 columns - gene.name is the gene index based upon the ecocyc website 
(ecocyc.org); identity lists the gene function according to ecocyc; RP/Rsum lists the computed rank 
product for each gene; FC:(class1/class2) is the computed fold change of the average expression level; 
pfp is the estimated probability of false positive value for each gene; the last is the p-value for each 
gene. The values showing a pfp of less than 0.28 and an FC of 0.66 or lower are listed. 
 
g.name identity RP/Rsum FC:(class1/class2) pfp P.value 
B3725 pstB 4.5108 0.1737 0 0 
B3727 pstC 6.6452 0.2272 0 0 
B3724 phoU 8.4257 0.2144 0 0 
B2972 pppA 10.6024 0.2521 0 0 
B2973 yghJ 29.2415 0.3324 0.002 0 
B1024 pgaA 34.6376 0.3102 0.0017 0 
B3728 pstS 36.0156 0.2789 0.0029 0 
B2014 yeeF 46.1681 0.3004 0.0062 0 
B1441 ydcT 47.8942 0.3296 0.0067 0 
B0151 fhuC 47.9476 0.3342 0.006 0 
B3261 fis 49.4854 0.2873 0.0064 0 
B2546 yphD 51.9577 0.4047 0.0083 0 
B0892 rarA 52.838 0.3635 0.0085 0 
B0399 phoB 64.5395 0.3722 0.015 0.0001 
B0583 entD 70.7253 0.3559 0.0187 0.0001 
B0576 pheP 80.7957 0.3947 0.0294 0.0001 
B0400 phoR 83.7825 0.3552 0.0312 0.0001 
B1722 ydiY 95.7438 0.3848 0.0489 0.0002 
B1019 efeB 101.2025 0.3228 0.0574 0.0003 
B3726 pstA 105.6878 0.4093 0.0645 0.0004 
B3162 deaD 109.8161 0.4188 0.0705 0.0004 
B3260 dusB 118.625 0.3912 0.0891 0.0006 
B3168 infB 118.7647 0.3992 0.0857 0.0006 
B3256 accC 120.4317 0.4516 0.0871 0.0006 
B3556 cspA 120.9667 0.4717 0.0856 0.0006 
B2344 fadL 121.1048 0.4152 0.0827 0.0006 
B2971 yghG 126.4064 0.4777 0.0926 0.0007 
B0153 fhuB 129.6082 0.3822 0.0971 0.0008 
B3163 nlpL 147.0555 0.4515 0.1379 0.0011 
B0059 hepA 150.7954 0.4334 0.1433 0.0012 
B0584 fepA 157.2416 0.4318 0.1512 0.0014 




Table 2.8 (continued) 
 
g.name identity RP/Rsum FC:(class1/class2) pfp P.value 
B0597 entH 161.7335 0.4528 0.1579 0.0015 
B2423 cysW 170.7736 0.5444 0.1854 0.0018 
B1726 yniB 181.9729 0.5299 0.2219 0.0022 
B0411 tsx 182.0604 0.4881 0.2165 0.0023 
B1101 ptsG 187.792 0.5324 0.2287 0.0024 
B0735 ybgE 189.7232 0.4447 0.2308 0.0025 
B2250 yfaZ 198.2755 0.5442 0.257 0.0029 
B1361 ydaW 202.0431 0.5857 0.2615 0.003 
B0266 yagB 204.7856 0.451 0.2648 0.0031 
B1825 yebO 205.3795 0.5573 0.2616 0.0032 
B4177 purA 206.1258 0.5164 0.2605 0.0032 
B3184 yhbA 208.5025 0.4947 0.2653 0.0034 
B2918 argK 208.6675 0.5161 0.2598 0.0034 
B1018 efeO 211.8322 0.4691 0.2636 0.0035 























Table 2.9 Genes showing a significantly higher expression level after an exposure to 0.5 g/L ferulic 
acid. The table includes 6 columns - gene.name is the gene index based upon the ecocyc website 
(ecocyc.org); identity lists the gene function according to ecocyc; RP/Rsum lists the computed rank 
product for each gene; FC:(class1/class2) is the computed fold change of the average expression level; 
pfp is the estimated probability of false positive value for each gene; the last is the p-value for each 
gene. The values showing a pfp of less than 0.28 and an FC of 1.5 or higher are listed. 
 
g.name identity RP/Rsum FC:(class1/class2) pfp P.value 
B3238 yhcN 1.1892 17.3625 0 0 
B3242 aaeX 2.7832 13.2308 0 0 
B3241 aaeA 7.7026 6.3494 0 0 
B2237 inaA 10.5695 5.4635 0 0 
B3160 yhbW 12.6995 5.3369 0 0 
B0850 ybjC 13.8733 4.9757 0 0 
B2946 rsmE 14.4169 4.7309 0 0 
B1530 marR 15.137 4.7115 0 0 
B0578 nfsB 16.7407 4.6995 0 0 
B0851 nfsA 20.6028 4.1476 0 0 
B0155 clcA 20.6251 4.3963 0 0 
B1531 marA 21.851 4.1761 0 0 
B0359 yaiX 22.1579 4.0998 0 0 
B0127 yadG 27.4668 3.9101 0 0 
B2889 idi 30.7001 3.4284 0.0006 0 
B1532 marB 31.2552 3.7324 0.0006 0 
B2947 gshB 31.2997 3.5749 0.0006 0 
B1338 abgA 37.601 3.3142 0.0005 0 
B4142 groS 39.8187 3.0843 0.001 0 
B0124 gcd 39.9491 3.6389 0.001 0 
B1112 bhsA 40.7934 3.525 0.0014 0 
B1054 lpxL 41.5687 3.1747 0.0017 0 
B3240 aaeB 41.5712 3.4001 0.0017 0 
B4143 groL 46.6322 2.8969 0.0028 0 
B2970 yghF 53.5303 2.9178 0.0042 0 
B2969 yghE 54.8373 2.8704 0.0044 0 
B0853 ybjN 58.3422 2.7823 0.0054 0 
B2679 proX 61.1303 2.8916 0.0055 0 
B3932 hslV 62.9745 2.6702 0.006 0.0001 
B0802 ybiJ 68.8907 2.9026 0.0081 0.0001 
B2689 yqaA 84.9049 2.4153 0.0166 0.0001 
B3036 ygiA 85.8673 2.6541 0.0161 0.0001 
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Table 2.9 (continued) 
 
g.name identity RP/Rsum FC:(class1/class2) pfp P.value 
B1052 - 87.024 2.6359 0.0162 0.0002 
B1611 fumC 87.6084 2.6668 0.016 0.0002 
B0762 ybhT 91.5983 2.4475 0.0186 0.0002 
B0460 hha 94.5249 2.3424 0.0203 0.0002 
B0828 iaaA 97.3343 3.2352 0.0226 0.0002 
B0128 yadH 98.7683 2.4217 0.0236 0.0003 
B3461 rpoH 104.3226 2.2929 0.0275 0.0003 
B0852 rimK 108.2919 2.4732 0.0302 0.0003 
B2921 ygfL 110.9331 2.4646 0.0298 0.0004 
B0369 hemB 113.4975 2.7229 0.0314 0.0004 
B2688 gshA 116.0532 2.2235 0.0324 0.0004 
B3035 tolC 120.0834 2.3492 0.0361 0.0005 
B1303 pspF 120.0853 2.6183 0.0353 0.0005 
B3625 waaY 121.8427 2.1854 0.0358 0.0005 
B2680 ygaX 123.447 2.2905 0.0357 0.0005 
B0994 torT 134.2454 2.2761 0.046 0.0006 
B1169 ycgH 135.187 2.2154 0.0463 0.0007 
B0014 dnaK 135.8196 2.0978 0.0462 0.0007 
B2687 luxS 138.4241 2.0453 0.0485 0.0007 
B3426 glpD 145.5229 2.1221 0.0594 0.0009 
B2949 yqgF 145.8513 2.2397 0.0587 0.0009 
B2684 mprA 147.7113 1.9412 0.0596 0.0009 
B1178 pliG 151.8841 2.0937 0.0639 0.001 
B2948 yqgE 152.7721 2.1422 0.0648 0.0011 
B2654 ygaQ 152.9136 1.9318 0.0637 0.0011 
B3236 mdh 153.1362 2.1838 0.0627 0.0011 
B0655 gltL 159.0507 2.1292 0.0716 0.0012 
B0140 ecpD 159.0869 1.9254 0.0705 0.0012 
B2677 proV 162.1493 1.9538 0.0752 0.0013 
B4025 pgi 162.3535 2.0031 0.0742 0.0013 
B2898 ygfZ 162.9194 2.1733 0.0742 0.0014 
B3126 garL 167.4105 2.1385 0.08 0.0015 
B0473 htpG 168.6651 1.8483 0.0807 0.0015 
B0814 ompX 177.627 1.9492 0.0949 0.0018 
B2173 yeiR 178.2058 1.9725 0.0946 0.0019 
B0168 map 180.7538 1.9751 0.0979 0.002 
B2674 nrdL 185.5572 1.9353 0.1061 0.0021 





Table 2.9 (continued) 
 
g.name identity RP/Rsum FC:(class1/class2) pfp P.value 
B1218 chaC 187.4519 2.0146 0.1074 0.0022 
B3404 envZ 190.9648 2.0335 0.1147 0.0024 
B0431 cyoB 197.0024 2.0852 0.1253 0.0027 
B3399 yrfG 198.5223 1.9019 0.1262 0.0027 
B1728 ydjM 200.4957 2.2089 0.1295 0.0028 
B0096 lpxC 203.6096 1.9107 0.1312 0.003 
B2046 wzxC 209.7335 1.7946 0.1425 0.0032 
B1277 ribA 214.3828 1.8603 0.152 0.0035 
B0161 degP 214.8364 2.1524 0.1516 0.0035 
B0483 ybaQ 224.4708 1.9078 0.1743 0.0041 
B0075 leuL 231.57 1.5922 0.1909 0.0046 
B0704 ybfC 233.0882 1.9587 0.1924 0.0047 
B2685 emrA 238.2661 1.8223 0.2041 0.005 
B4127 yjdJ 239.9741 1.7783 0.2061 0.0051 
B2592 clpB 243.0026 1.7842 0.2128 0.0053 
B2678 proW 244.5715 1.8438 0.2151 0.0054 
B0425 panE 248.9459 1.8687 0.2245 0.0057 
B3176 glmM 249.3015 1.2471 0.2234 0.0058 
B2597 raiA 253.1754 1.8034 0.2332 0.0061 
B0723 sdhA 254.1314 1.7682 0.2337 0.0062 
B3924 fpr 255.8246 1.8189 0.2363 0.0063 
B3029 ygiN 258.1873 1.7813 0.2419 0.0065 
B4020 yjbB 263.342 1.8152 0.2572 0.007 
B0015 dnaJ 266.7282 1.7169 0.2662 0.0073 
B0920 ycbC 267.4469 2.0099 0.2661 0.0074 














This study mapped the toxicogenomic responses from E. coli when exposed to various lignin 
hydrolysate-related compounds, including ferulic acid, p-coumaric acid and furfural. Using 
microarray and RT-qPCR results, five biomarker genes were identified and their expression levels 
were characterized when exposed to the compounds. Two genes, aaeA and aaeB, consistently showed 
some of the highest inductions seen, while the others, marA, inaA and htpG, each showed dose-
dependent responses. The tests using ompF, another gene which can be applicable as down-regulated 
biomarker, showed similar expression patterns to those five genes. The use of these genes as 
biomarkers was demonstrated by exposing E. coli to an acid hydrolysate of spruce, with the marA, 
































Real-time quantitative PCR analyses of Escherichia coli str. BL21 (DE3) exposed to 0.5 g/L 
ferulic acid and p-coumaric acid showed that the inaA gene was significantly induced to 7.7- and 3.6-
fold higher, respectively. Consequently, a transcriptional fusion of the inaA promoter with the 
luxCDABE operon was constructed and characterized with several compounds identified within 
hydrolysates. Tests demonstrated that the phenolics were major inducers, while acetic acid and 
furfural had only a minor or no effect on the inaA expression, respectively. Additional tests with 
mutant E. coli strains found that a marA partially abolished the response while a marB knock-out led 
to a 2-3-fold higher basal level expression as evidenced by the bioluminescent levels of the cultures. 
However, a significant induction was seen even in the marA mutant, suggesting some other control 
mechanism is involved in regulating inaA expression during an exposure to the hydrolysate 
compounds. In addition to bioreporter harboring inaA::lux, aaeXAB and yhcN promoter fusion strains 
with lux operon were also tested to detect hydrolysate-related compounds. The results showed that E. 
coli culture harboring aaeXAB::luxCDABE was more sensitively responded to the test compounds, 
giving the higher relative bioluminescence values as well as the lower minimal detective 
concentration. In the tests with yhcN fusion strain, the responses from furfural and HMF were much 
higher than the other two bioreporter strains tested in this study, suggesting the potential of this strain 
to detect the hydrolysate compound derived from sugar components of lignocellulose. Finally, the 
responses from those fusion strains exposed to real hydrolysate samples of spruce and rice straw, 
demonstrated the possible application of these reporter strains to analyzed hydrolysates for the 















In the production of biofuel from lignocellulosic biomass, several problems still remain to be 
solved, although it has offered various advantages as discussed in the previous chapters. Especially, 
the development of advanced technologies to deal with the toxic compounds generated during the 
pretreatment reaction has been one of the main quests. Also, even with the several methods for 
detoxification known, it is still needed to detect and quantify those compounds for the downstream 
fermentation process. 
To extent of removal using the existing methods is difficult to determine since the effective 
concentrations (0.1-1 g/L) are low. In contrast to conventional physico-chemical means of analysis, 
such as gas chromatography, the use of promoter fusions with reporter genes permits researchers to 
evaluate both the effective concentration range as well as the toxicity of the compounds. A wide range 
of biosensor strains have been developed using this concept, including sensors for stresses and 
toxicity, such as oxidative and genotoxic stress
117
 and protein-denaturing compounds
109, 118
 and for 




Within Escherichia coli, the MarR protein binds to the operator region of the marRAB operon 
and blocks transcription of the three genes, which encode for itself, an autoactivator protein, MarA, 
and a protein of unknown function, MarB. In the presence of salicylic acid and similar phenolic 
compounds, the MarR protein binds to these compounds and is deactivated, allowing expression of 
the marRAB operon.
111, 120
 Once deactivated, the MarA protein is produced and is involved in the 
activation of numerous genes throughout the E. coli genome.
121
 One of these genes is the inaA gene, 
which encodes for a protein of unknown function but is induced in a pH-dependent manner
122
 and by 
the presence of benzoic acid. Therefore, this study evaluates the application of an inaA::luxCDABE 
fusion as a sensor for hydrolysate-related phenolics using several different phenolics and other toxic 
compounds, i.e., acetate and furfural, which have been identified within plant hydrolysates. Moreover, 
other fusion strains developed, using the promoter of aaeXAB and yhcN were tested and compared in 












3.3 Materials and Methods 
3.3.1 Strains and Growth Conditions 
All strains used in this study are listed in Table 3.1. Single colonies grown on Luria Broth 
(LB) agar plates overnight at 37 °C with the appropriate antibiotic were inoculated into sterile 15 mL 
test tubes containing 5 mL of LB broth with 10 µg/mL ampicillin. These pre-cultures were grown 
overnight (16 h) at 37 °C in a shaking incubator set at 250 rpm. For flask experiments, 1 mL of 
culture was added to 100 mL of sterile LB in a 250 mL flask and grown to an optical density (OD) of 
0.15 at 600 nm, measured using a spectrophotometer (BioPhotometer Plus, Eppendorf, Germany), 
under the same growth conditions. After reaching this OD, the culture was diluted 1:1 (v:v) into 50 
mL pre-warmed media, with and without the test compound added. Samples of the cultures were used 
to determine the optical density every 30 min for 2 h using the spectrophotometer. Likewise, the 
bioluminescence (BL) was determined at the same time. 
For the Thauera aromatica experiments, the medium that was used is a defined media 
containing benzoic acid as the sole carbon source, which can be found in media lists of DSMZ (No. 
586) (http://wwwdsmz.de/microorganisms/medium/pdf/DSMZ_Medium586). A sample of the media 
with and without benzoic acid was taken prior to beginning the experiment and used within the BL 
tests as the positive and negative media controls, respectively.  
 
3.3.2 Bioluminescence Measurements 
Bioluminescent signals were determined using a GloMax Multi-Plus detection system 
(Promega, USA). For the BL measurements of the samples from flasks, 96-well plate (Greiner, USA) 
was prepared with 100 µL of cultures taken, which was inserted into the system set at a temperature 
of 37 °C. In case of the 96-well plate experiments, 100 µL of the culture, which was grown to an OD 
of 0.08, were transferred to the wells of microplate, where the test chemicals had already been serially 
diluted using sterile LB media, with the final volume (before addition of the culture) within each 
wells being 100 µL. The temperature of the luminometer was 37 °C and the plate shaker was 
programmed for 1 min before each reading, which was done automatically every 10 min. The results 
are presented as either the BL or the relative bioluminescence (RBL), which is defined as the ratio of 
the sample’s BL to that of the control at the same time point. 
 
3.3.3 Cloning and Construction of Plasmid pSP4 
All restriction enzymes used in this study were purchased from Thermo Scientific (USA). The 
construction of plasmid SP4 was accomplished by PCR amplifying the promoter region for the inaA 
gene from E. coli str. BL21 (DE3) using the following primers, which included restriction sites for 
EcoRI and KpnI, underlined: InaA EF2 - CTGGAATTCAAAATGGGCATGGAGCTCAAC and 
InaA RK1 – GGTACCACCAGTGATTAAATTCGTCG. This fragment was cloned into a TA cloning 
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vector (RBC Biosciences, Taiwan) and sequenced to confirm the clone was correct. The fragment was 
digested out of the cloning vector using the restriction enzymes and ligated into plasmid pDEW201, 
which was digested with the same enzymes. This ligation mixture was then transformed into E. coli 
str. DH5α competent cell (RBC Biosciences, Taiwan) and grown on LB agar plates containing 100 
µg/mL ampicillin. Construction of the proper clone was confirmed using PCR amplification, 
sequencing analysis and the bioluminescent responses from the clone. The correct plasmid, designated 
pSP4, was transformed into E. coli str. BL21 (DE3) by electroporation method (Electroporator 5210, 
Eppendorf, Germany). 
 
3.3.4 Chemical Inducers Preparation 
The chemicals used in this study are furfural, HMF, 4-hydroxybenzoic acid, ferulic acid, p-
coumaric acid, vanillic acid, vanillin, cinnamic acid, 4-amino benzoate, sodium acetate, sodium 
benzoate, and phenol (Sigma-Aldrich, USA). For the tests, the chemicals were added to LB broth 
prior to autoclaving to the appropriate concentrations. The media containing those chemicals were 
buffered with 1 M KH2PO4 (20 mM final concentration) when needed as listed in the next.  
 
3.3.5 Exposure to Hydrolysate Samples 
Pretreated spruce and rice straw hydrolysate samples tested in this study were kindly provided 
by the Dr. Kim at Kwangwoon University and Dr. Lee at KICET, respectively. The contents of 
phenolic compounds within the hydrolysate were determined using Folin-Coultiers reagent with galic 
acid as the standard. The pH of samples had been already adjusted, the tests, therefore, were 
performed just in diluted conditions without additional treatment. 
 
3.3.6 Data Analysis 
All tests were performed in triplicate independently. The results were transferred to Microsoft 
Excel for analysis and plotted using Origin Pro v.8.0. The average results and their standard 












Table 3.1 Strains and plasmids used in this study 
 
Strain or plasmid Relevant characteristics Reference 
Strains   
E. coli BL21(DE3) F- ompT hsdSB(rB– mB–) gal dcm (DE3)  
E. coli DH5α 
fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15 gyrA96 
recA1 relA1 endA1 thi-1 hsdR17 
123 
E. coli str. AG100 argE3 thi-3 rpsL xyl mtl supE44 Δ(gal-uvrB) 124 
E. coli str. AG100Kan AG100 Δ(marR-marB)876(::kan) 125 
E. coli str. BW25113 
F- Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) lambda- rph-1 Δ(rhaD-
rhaB)568 hsdR514 
126 
E. coli str. JW5249-1 BW25113 ΔmarA752::kan 127 
E.coli str. JW1525-1 BW25113 ΔmarA753::kan 127 
Thauera aromatic Mineralizes benzoic acid 128 
Acinetobacter baylyi ADP1 (strain BD413, ATCC 33305) 129 
Plasmids   
pDEW201 Promoterless luxCDABE expression plasmid, AmpR 130 
pZwf::Lux zwf::luxCDABE, AmpR unpublished 
pSP4 inaA::luxCDABE, AmpR This study 
pDMA3 aaeXAB::luxCDABE, pDEWMCS 131 
















3.4 Results and Discussion 
3.4.1 Induction of inaA Gene Expression by Ferulic Acid and p-Coumaric Acid 
The inaA gene expression is under the control of the MarA protein and is part of the mar 
regulon.
133
 For this reason, and the fact that a previous study found that it is strongly induced by 
salicylic acid
133b
, which is structurally similar with the phenolics identified in hydrolysate, it can be 
act as a potential biomarker. Through the transcriptomic analysis through microarray and real time-
quantitative PCR (RT-qPCR) analyses, it has been confirmed that this gene is responsive to several 
model compounds, which can be derived from the lignin, including ferulic acid and p-coumaric acid, 
as described in chapter 2.  
Both compounds led to significantly higher, dose-dependent expression levels. In respond to 
p-coumaric acid, the relative gene expression level also increased from 2.02 to 6.85 as the 
concentration increased from 0.25 g/L to 1 g/L (Figure 2.6). For ferulic acid, the similar gene 
expression pattern was shown when the amount of compound was present up to 0.5 g/L. A 
concentration of 1 g/L ferulic acid, however, is overly toxic (Figure 3.1) and consequently leads to a 
lower average mRNA level when compared to the results with 0.5 g/L ferulic acid. The high level 
expression of inaA with both compounds confirms that this gene would be a good candidate for a 
gene fusion and so the promoter region from inaA gene was cloned upstream of the luxCDABE, 
giving plasmid pSP4 (Table 3.1) 
 
3.4.2 Responses from E. coli str. BL21 (DE3)/pSP4 to Ferulic Acid 
Initially the responses from cultures of E. coli str. BL21 (DE3)/pSP4 exposed to various 
concentrations of ferulic acid were determined (Figure 3.1). As the ferulic acid concentration 
increased to 1 g/L, the growth of the cultures was further inhibited, demonstrating the toxicity of 
ferulic aid to E. coli, which agrees well with the results from the previous growth test with E. coli 
BL21 culture without the plasmid in the presence of the same compound (Figure 2.1). In contrast, the 
bioluminescence (BL), presented as arbitrary units (A.U.) in Figure 3.1b, increased in a dose-
dependent manner with the ferulic acid concentration. These results clearly demonstrate that this 
compound negatively affects the health of the cultures and that inaA is induced by ferulic acid. Figure 
3.1c shows the relative bioluminescence (RBL), which is defined as the BL of the sample divided by 
that of control at the same time point and is an approximation of the gene expression level changes 
due to the stimuli. The results show that a maximum RBL from the cultures was seen after 30 min, 
illustrating the quick response typical of bioluminescent bacterial biosensors
109
, and dose-dependent 
induction of inaA by differing concentration of ferulic acid, giving the highest RBL value with 1 g/L 






Figure 3.1 Effects of ferulic acid on the growth and responses from flask cultures of E coli BL21 
(DE3)/pSP4. (A) Growth results showing the toxic nature of ferulic acid. (B) Bioluminescence from 
this strain. (C) Relative bioluminescence showing the rapid response with the highest RBL after only 






 To evaluate the effectiveness of inaA fusion strain, the similar tests were performed with 
another bioluminescent bacteria, E. coli BL21 (DE3)/pZwf::Lux, which was provided from Prof. 
Shimshon Belkin (Figure 3.2). From the culture of this strain in the presence of ferulic acid, the 
growth was shown to be almost identical, confirming that the plasmid did not affect the cell viability, 
which is important in that the BL is related with the health of the cell. Therefore, the different BL 
responses between zwf and inaA fusion bioreporters were caused by the extent of activation of 
transcriptional promoter inserted in upstream of lux gene. The BL responses followed the dose-
dependent manner like E. coli harboring pSP4, except for the culture with 1 g/L of ferulic acid. 
However, it was found in analysis of RBL (Figure 3.2c) that the values resulted from pZwf::Lux were 
lower than those from pSP4, meaning that signal detection from the latter is easier. And the 
determination of the ferulic acid using pSP4 seems more accurate since there was no differences in 
RBLs from pZwf::Lux cultured with 0.5 g/L and 1.0 g/L of the compound. Taking all of those 
findings into account, it was suggested that pSP4 is more effective than pZwf::Lux as the biosensor to 
detect lignin hydrolysate-related compounds. 
Two fusion plasmids were further studied and compared to confirm that the phenomena 
shown above can be applied to other compounds. Figure 3.3 shows the growth and RBL of E. coli 
BL21 (DE3) having zwf or inaA fusion plasmid when the bioreporters were cultured in presence of 
vanillic acid. Dose-dependence in RBL results were not shown from both cultures challenged to 1 g/L 
of vanillic acid, which would be explained by that the vanillic acid stress at 1 g/L concentration was 
harsh to E. coli and the metabolic state required to elicit BL was also affected. But the values of RBL 
obtained from pSP4 were higher, proving the superiority of this strain over pZwf::Lux. 
 
3.4.3 Induction of inaA in Various E. coli Strains and in marA, marB and marRAB Backgrounds 
Since the goal of constructing this plasmid was to use it as a sensor for hydrolysate 
compounds, the possible effects of different E. coli genetic backgrounds on the response of this fusion 
needed to be determined. Therefore, plasmid pSP4 was transformed into several common E. coli 
strains and several Δmar isogenic strains (Table 3.1). The responses from these strains are shown in 
Figure 3.6.  
One of most common strains, E. coli DH5α, was transformed with the plasmid pSP4 and 
exposed to ferulic acid and vanillic acid. As shown in figure 3.4, E. coli DH5α seems to be more 
tolerant to those compounds, giving no difference found in growth profiles between 0 g/L and 1.0 g/L 
for ferulic acid, and between 0 g/l and 0.5 g/L for vanillic acid, which is obviously distinguished from 
the results shown in E. coli BL21 (DE3) culture (Figure 3.1 and 3.3). The sensitivity of these two 
strains to the growth condition found in this study was opposite to the report by Phue et al.
134
 where E. 
coli DH5α was found to be more keen of the environment such as glucose. However, it was the same 




Figure 3.2 Growth and BL responses from E. coli BL21 (DE3)/pZwf::Lux exposed to ferulic acid. (A) 
Growth results showing the toxic nature of ferulic acid. (B) Bioluminescence from this strain. (C) 
Relative bioluminescence showing the rapid response with the highest RBL after only 30 min. A.U.: 







Figure 3.3 Effects of vanillic acid on E. coli BL21 (DE3) harboring pSP4 or pZwf::Lux. (A) Growth  
showing inhibition by vanillic acid. (B) Relative bioluminescence from E. coli BL21 (DE3)/pSP4. (C) 















Figure 3.4 Effects of E. coli DH5α as a host on the growth and BL responses from plasmid pSP4. 
Upper panel shows growth of E. coli DH5α/pSP4 exposed to ferulic acid (A) and its RBL values (B). 
Lower panel shows growth of E. coli DH5α/pSP4 exposed to vanillic acid (C) and its RBL values (D). 












The tolerance of E. coli DH5α to the phenolics observed generated more stable RBL results 
although the values were lower than those from E. coli BL 21 (DE3) at the same concentration of the 
compounds tested. In the tests with vanillic acid, particularly, RBLs at 1 g/L concentration were 
higher than those at 0.5 g/L, while there was the loss of BL at the compound at 1 g/L from the culture 
of E. coli BL21 (DE3), indicating the active state of E. coli DH5α (Figure 3.4). In some case, 
therefore, E. coli DH5α can be more flexible as the host of biosensing plasmids 
Moreover, Figure 3.5 shows the effect of different mar regulon background on the 
bioreporter’s activity. Growth of E. coli BW25113 (wild type strain) and its isogenic marA (JW5249-
1) and marB (JW1525-1) mutants when exposed to 1 g/L ferulic acid is first shown in Figure 3.5a. 
Although the wild-type and marB strains grew similarly, the marA strain was slower, even when not 
exposed, suggesting that this strain was having some difficulty due to the loss of marA.  
The BL results (Figure 3.5b) show that the inaA expression levels within the unexposed wild-type and 
the marA strain are initially similar. The similarity between the unexposed marA and wild-type 
cultures is lost during exponential growth stage but is similar once more as the cultures entered 
stationary phase (120 min). This is in contrast to the BL of the marB cultures, which were consistently 
2-3-fold higher than that of the control, even after entering the stationary phase. This result suggests 
that the MarB protein is likely involved in down-regulating the expression of the inaA gene and 
possibly other mar regulon genes.  
As with the unexposed cultures, the BLs from the marB cultures exposed to ferulic acid were 
initially higher than the wild-type cultures. Within 30 min, however, the BL levels for both cultures 
were basically identical and remained so for the rest of the experiment. The similarly induced BL 
values coupled with the higher basal level expression from the marB control culture led to a lower 
overall RBL from the mutant strain when compared with the control. The fact that the induced BL 
levels were the same is further evidence for the idea that MarB is involved in down-regulating the 
mar regulon gene expression levels, and that once MarA is induced this repression effect by MarB is 
lost. However, the exact mechanism for this regulation is not clear and additional study is needed to 
elucidate this response further.  
In contrast to the marB mutant, the induced BL by ferulic acid from the marA strain was 
mitigated, only reaching about a 10-fold induction, which is six times lower than that of the wild-type 
culture. It is interesting to note that there is an induction at all since the proteins involved in 
controlling expression of inaA e.g. Rob, SoxS and MarA, are all induced by very different compounds 
but recognize basically the same DNA sequence.
133a
 Rob activity is induced when the cells are 
exposed to dipyridyl
135
 or to bile salts, such as deoxycholate, and fatty acids
136
, while SoxS activity is 
higher when the cell experiences oxidative stress
137
, such as during an exposure to methyl viologen, 
which generates superoxide radicals.
117a, 138
 The structural similarities between the ferulic acid and 







Figure 3.5 Effects of mar mutations on expression from pSP4. All cultures were grown in flasks. (A) 
Growth of BW25113 and its two isogenic mutant strains, JW5249-1 (marA) and JW1525-1 (marB). 
(B) Bioluminescent responses from the same cultures showing the lower induction and higher basal 
















Figure 3.6 RBL values from a variety of E. coli hosts. Data is obtained from a 30 min exposure. Bar 













induction of seen even when the marA gene is non-functional, but this would need to be studied 
further. The results presented, however, clearly show the importance of the MarA protein on the high-
level induction of inaA expression during an exposure to ferulic acid and, presumably, the other 
phenolics. 
Figure 3.6 shows the 30 min RBL results for a range of E. coli hosts tested, including DH5α 
and AG100. As with BW25113, the responses from a mutant strain of AG100/pSP4, 
AG100Kan/pSP4, which has the complete marRAB operon deleted, were tested. Although not as 
definitive as the BW25113 strains, the results show that the expression of the inaA gene was higher in 
the wild-type strain than the mutant strain, but also that BL levels from the marRAB mutant were 
induced as much as 17.1-fold during an exposure to 1 g/L ferulic acid, demonstrating that some 
different regulatory mechanism other than MarA protein must be responsible.  
Overall, these results demonstrate that this plasmid can be effectively used in a wide number 
of E. coli hosts to construct biosensor strains capable of detecting and reporting on the presence of 
toxic lignin hydrolysate-related phenolics. Such application is important since E. coli is recognized as 
one of the most promising biocatalysts for the production of biofuels.
99
 It seems likely that 
lignocellulose would be the feedstock for these strains, so the use of this plasmid in conjunction with 
these strains would permit a researcher to evaluate a hydrolysate with the fermentative strain directly. 
 
3.4.4 Induction of inaA Expression by Many Hydrolysate-Related Compounds 
3.4.4.1 Phenolic Acids, Main Inducer for pSP4 
The results above demonstrate the potential of an inaA::luxCDABE fusion to be used in the 
detection of hydrolysate-related phenolics. Consequently, experiments were performed using a wide 
array of phenolic compounds resulted from the lignin destruction as well as furfural and acetic acid. 
To determine the minimum concentration which E. coli str. BL21 (DE3)/pSP4 can detect, these 
experiments were performed in high-throughput using serially diluted samples within a 96-well plate. 
The results for eight different compounds, including ferulic acid, are presented in Figure 3.7 and 
Table 3.2 (MDC). 
All five of the phenolic acids led to a significant induction (>2-fold) with the highest RBLs 
seen with concentration of 0.5-1.0 g/L, with a minimum detectable concentration (MDC) of 0.031-
0.25 g/L depending on the compound. The strongest induction, however, was seen with benzoic acid, 
which showed a 36-fold induction when added at a concentration of 1.0 g/L. In contrast, the weakest 
phenolic acid was 4-hydroxybenzoic acid, which only led to 4-fold induction at a concentration of 0.5 
g/L. This lack of response from 4-hydroxybenzoic acid can be attributed to the fact that this 
compound is naturally produced with E. coli through the ubiquinone production pathway and that it 
can be effectively transported out of the cell through the AaeA and AaeB efflux system
56









Figure 3.7 Relative bioluminescent responses from E. coli str. BL21 (DE3)/pSP4 when exposed to 





Table 3.2 MDC of hydrolysate-relative compounds determined by E. coli str. BL21 (DE3)/pSP4. 
Abbreviations of chemicals stand for: FA, ferulic acid; CA, p-coumaric acid; 4HBA, 4-hydroxy-
benzoic acid; VA, vanillic acid; VN, vanillin; AA, acetic acid; Fur, furfural; BA, benzoic acid. 
 
 Lignin-derived Non-lignin-derived Etc. 
Compound FA CA 4HBA VA VN AA Fur BA 
MDC 0.125 0.125 0.25 0.125 0.03125 0.0625 - 0.0625 
RBL 2.61 2.14 1.97 2.05 2.72 2.54 NS* 2.20 
 
 *





 Interestingly, vanillin, which is only aldehyde of the compounds tested in this experiment, 
was the most sensitive compound, showing a maximum RBL of 29.9 at 0.25 g/L and 2.7-fold 
induction when present at only 0.03 g/L. This result clearly demonstrates that the presence of a 
carboxylic acid moiety on the phenol ring and, consequently, the ability of the chemical to induce a 
pH change within the cytoplasm are not needed for induction of inaA gene. However, the phenolic 
ring does seem to be essential since the addition of another aldehyde, furfural, had no effect on the 
expression but was very toxic and caused a severe loss of growth at concentrations above 0.25 g/L 
(Figure 2.1f). Another compound commonly found within hydrolysate, acetic acid, had only a mild 
effect on the inaA expression at similar concentrations with MDC of 0.63 g/L but led to an 
approximately 10-fold higher expression only when present in significant higher amount.  
 
3.4.4.2 Comparison in Responses from pSP4, pDMA3 and pDMY1 
Based upon the data from transcriptomic analysis with E. coli BL21 (DE3) exposed to ferulic 
acid (Chapter 2), two more plasmids have been constructed in collaboration with Ajay Kalanjana 
Monnappa, which using the promoter region of aaeXAB and yhcN genes
131-132
. These two strains, 
named pDMA3 and pDMY1, were tested alongside pSP4 to compare their activities under the same 
condition, such as the same host, E. coli DH5α. Figure 3.8 showed RBLs obtained from the cultures 
exposed to several compounds, taken at 120 min post-exposure within 96-well plate experiments. The 
induction levels by most of compounds within E. coli DH5α/pSP4 were lower than 10 as similar with 
the results form the flask experiments, while only 2,4-dinitrobenzen caused the high response up to 53 
of RBL (Figure 3.8a). However, the pDMA3 gave the opposite reaction, showing the lowest RBL in 
the culture exposed to 2.4-dinitrobenzen (Figure 3.8b) and the higher responses with the other 
compounds tested. Furthermore, overall, this bioreporter showed enormous responses, affording to 
give a few thousands of RBLs as well as very low MDC (Table 3.3). From the comparison, E. coli 
DH5α/pDMA3 seems superior to pSP4 as a sensor in aspect to the higher responses and lower MDC, 
except for the detection of 2.4-dinitrobenzene.  
 The other bioreporter strain tested in this study, E. coli DH5α/pDMY1, also showed the 
potential as the biosensor for detecting lignin hydrolysate-related compounds (Figure 3.8c). The RBLs 
from this strain was not as high as those in the test with pDMA3, but was still quite good. An 
excellence of pDMY1 can be found in the test with furfural (Figure 3.8), which is a non-phenolic 
inhibitor generated during the pretreatment, proving the purpose of its construction.
132
 The highest 
RBL shown was 26 whereas the others, pSP4 and pDMA3, were not responsive to furfural at all. In 
addition, the MDC of furfural determined in this experiment was 0.15 g/L, which would be definitely 
useful to monitor the toxicity of the hydrolysate since the presence of furfural found in hydrolysates 














Table 3.3 MDC of several compounds determined by E. coli DH5α/pSP4 and pDMA3. The 
concentration units are mg/L.  
 
Compound E. coli DH5α/pSP4 E. coli DH5α/pDMA3 
 4-aminobenzoic acid 500 19.5 
 Ferulic acid 62.5 19.5 
 Vanillic acid 500 4.9 
 Coumaric acid 31.3 9.8 
 4-Hydroxybenzoic acid 62.5 9.8 
 2.4-Dinitrobenzene 7.8* 9.8 
 Vanillin 15.6 9.8 
 Cinnamic acid 15.6 4.9 
  
*



























3.4.5 Application of E. coli Bioreporters to Monitor Degradation of Aromatic Acids and 
Hydrolysate Samples  
3.4.5.1 Monitoring of Degradation of Phenolic Compounds by E. coli Bioreporters 
Since the bioreporter stains tested here, including inaA::luxCDABE fusion, is fairly specific 
for pheolics (Figure 3.7) and can be used in various E. coli hosts (Figure 3.6), these plasmid can be 
used to construct biosensor strains for a wide array of applications related to with biofuels. To 
demonstrate this, three E. coli bioreporters were exposed to another bacterial culture, which having 
ability to metabolize the phenolic compounds, as a sensor to monitor compounds degradation. 
The first application of E. coli str. BL21 (DE3)/pSP4 was in combination with T. aromatica, a 
bacterial strain that is capable of degrading benzoic acid and utilizing it as a sole carbon. This 
bioreporter has been shown to be strongly responsive to benzoic acid (Figure 3.7), which motivated to 
use this strain for benzoic acid detection, besides phenolic compounds. Figure 3.9 shows that as T. 
aromatica grew on 1 g/L benzoic acid, the BL responses from the E. coli str. BL21 (DE3)/pSP4 
decreased, indicating that the benzoic acid concentration in the media was decreasing. The low level 
induction seen, when compared with the response to benzoic acid described in Figure 3.7, can be 
attributed the strong buffering capacity of the T. aromatica media. Once the T. aromatica culture 
reached the stationary phase and stopped growing (24 h and 48 h), the BL responses from the 
bioreporter were even below the negative control, strongly suggesting that this media had no 
phenolics present and that the toxicity was completely mitigated. 
Similar study was performed, which is monitoring the degradation of lignin-hydrolysate 
compounds by Acinetobacter baylyi ADP1. A. baylyi has been known to be able to metabolize various 
aromatic compounds, including ferulic acid and several monomers derived from lignin, through the β-
ketoadipate pathway (Figure 3.10).
129
 Figure 3.11 and 3.12 showed the growth of A. baylyi ADP1 
cultured on minimal media with ferulic acid, p-coumaric acid, vanillic acid and 4-hydroxybenzoic 
acid as the sole carbon, and BL response from three E. coli DH5α bioreporter strains exposed those 
cultures. For all 4 cases using different carbon sources, the strain harboring aaeXAB::lux of the three 
bioreporters detected the metabolites within the cultures most effectively, giving the highest RBL 
values, as shown previously in Chapter 3.4.4.2. The RBLs from E. coli DH5α/pSP4 was not 
significant as between 1 and 2, unlike the results with those four substrates as the model compounds 
(Figure 3.8), which would be also attributed to the buffering effects of the media used.
140
 E. coli 
DH5α/pDMY1 showed significant signal from the A. baylyi cultures but the RBL trend was different 
in comparison to that of pDMA3. It seemed that this bioreporter more sensitively responded to some 
metabolite found in the pathway during the degradation of aromatic acids, as pDMY1 was most 
responsive to furfural other than aromatic acid tested in this study. Finally, the BL responses at 12 h 
time point, which were similar to the control response, proved the absence of the compounds as a 












Figure 3.9 Application of E. coli BL21 (DE3)/pSP4 to monitor the degradation of 1 g/L benzoic acid 



















Figure 3.10 β-ketoadipate pathway129: A. baylyi ADP1 can degrade several lignin hydrolysate-related 








Figure 3.11 Growth of Acinetobacter baylyi ADP1 within minimal media containing ferulic acid, p-




Figure 3.12 RBLs from the three different bioreporters, E. coli DH5α/pSP4, pDMA3 and pDMY1 
exposed to A. baylyi ADP1 culture. The figures from A to D show the degradation of ferulic acid (A), 
p-coumaric acid (B), 4-hydroxybenzoic acid (C) and vanillic acid (D). Symbols are applied to all 





3.4.5.2 Analysis of Hydrolysate Samples by E. coli Bioreporters 
Bioreporter strains were also cultured with real pretreated hydrolysate to determine the 
existence of toxic compounds within the hydrolysate and evaluate their toxicity. For the first test, the 
E. coli harboring pSP4 culture was mixed 1:1 with a spruce hydrolysate, where 67 g/L sugar, 
including glucose, xylose, galactose and mannose, 0.23 g/L phenolics, 0.02 g/L HMF, 0.04 g/L 
fufural and 2.6 g/L acetic acid. RT-qPCR performed using E. coli str. BL21 cultures exposed to this 
hydrolysate sample showed that the inaA gene was induced 2.8-fold (Figure 2.9, Chapter 2) after a 
10-min exposure while the RBL after 1 h was 22.2-fold higher than the control, as shown in Figure 
3.13. Larsson et al.
116
 and Palmqvist and Hahn-Hagerdal
141
 both stated that vanillin was a major 
constituent in untreated spruce hydrolysate. Therefore, the high BL induction seen with this 
hydrolysate containing a low overall phenolic content, approximately 0.12 g/L after diluting with the 
culture, may very likely be due to the presence of vanillin, which was the most potent inducer tested 
in this study, as described in section 3.4.5.1. Based upon this result, the spruce hydrolysate clearly still 
harbors some toxic phenolics and may be detrimental to fermentative processes. 
Rice straw hydrolysates were prepared by physical or chemical pretreatment methods
142
, 
which were also tested with the bioreporter strains. In Figure 3.14, RBLs are shown which were taken 
from E. coli DH5α/pDMA3 culture exposed to samples containing 12.5% hydrolysates at 180 min. 
The reason to pick these values for analysis can be explained with the growth of bioreporter strain 
where the growth was inhibited in the presence of the hydrolysates above 12.5% (Figure 3.15), 
thereby affecting BL responses. Moreover, E. coli DH5α/pDMA3 would not detect the compounds 
within hydrolysate samples diluted too much since total amount of phenolic compounds is not in the 
detectable range determined in this study (Table 3.3), based upon Folin-Coultiers reagent tests (Table 
3.4). As shown, physically pretreated rice straw hydrolysate (attrition or planetary milling) did not 
cause the significant response of bioreporter, while high values were obtained from the hydrolysate 
pretreated using aqueous ammonia or sodium hydroxide (Figure 3.14). This result suggests that 
considerable amount of toxic compounds are present only within the hydrolysates prepared by 






















Figure 3.13 Bioluminescent responses from E. coli BL21 (DE3)/pSP4 exposed to spruce hydrolysate 
sample. Closed symbols showed BL signals and open ones represent RBL values calculated from BL 



















Figure 3.14 RBL obtained from E. coli DH5α/pDMA3 exposed to diluted rice straw hydrolysate 




Table 3.4 Total phenolic compound concentrations present within pretreated rice straw hydrolysates. 
The concentration units are g/L.  
 
 Physical treatment  Chemical treatment  
 Attrition milling Planetary milling Soaking aqueous ammonia Sodium hydroxide 
Total concentration 0.056 0.293 0.694 1.922 
Diluted concentration* 0.007 0.037 0.087 0.240 
 
 *
















Figure 3.15 Relative growth of E. coli DH5α/pDMA3 within the serial diluted hydrolysate samples. 
The hydrolysate samples were prepared by physical methods, attrition milling (A) and planetary 















This study evaluated the use of an inaA::luxCDABE transcriptional fusion constructed in this 
study to determine the presence of potentially harmful phenolic compounds within hydrolysate 
samples, especially derived from lignin part. Based upon the knowledge that the MarR protein binds 
to various phenolics, the inaA gene, which is a member of the mar regulon, was selected for 
evaluation and found to be strongly expressed when E. coli was exposed to both ferulic acid and p-
coumaric acid, as shown in the previous transcriptomic study. Characterization of the 
inaA::luxCDABE transcriptional fusion showed it to be fairly specific for phenolics and that the 
induction was notably contingent upon the presence of a functional marA gene. However, the marA- 
strain did show a significant BL induction suggesting some other regulatory mechanisms for inaA 
expression when E. coli is exposed to phenolics, but these induced BLs were 2.5-to-6 times lower 
than that seen form their isogenic marA+ strains. Another interesting finding in this study was that the 
inaA gene fusion was more sensitive to vanillin with the MDC of 0.03 g/L than the phenolic acids, 
and was much more responsive to the phenolics than acetic acid, making it a appropriate biosensor for 
hydrolysate studies where the acetate is typically much higher than the phenolics, such as in the 
spruce hydrolysate tested in this study. In addition, 2 different bioreporter strains, having aaeXAB and 
yhcN transcriptional promoter fusions, were tested for several compounds derived from lignin and 
compared to the activity of inaA fusion strain. Finally, although these sensors are limited to oxygen-
rich environments due to the requirements of the Lux proteins and as such cannot be used within 
anaerobic fermentative systems directly, this study demonstrated two possible application of the 
biosensors, in the testing of actual hydrolysates to determine their potential effects on downstream 



















Bacterial bioreporters are limited in their abilities to detect large polar molecules due to their 
membrane selectivity. In this study, the activity of serum complement was used to bypass this 
undesired selectivity. Initially, the serum complement activity was assessed using the responses of a 
bacterial bioreporter harboring a recA::luxCDABE transcriptional fusion when exposed to the 
chemotherapy drug, mitomycin C (MMC). Using 50 °C-treated serum, the limit of detection for this 
bacterial sensor was lowered by nearly 450-fold, from 31 µg/L to 0.07 µg/L MMC. Real-time 
quantitative PCR demonstrated that serum-treated cultures responded more strongly to 100 µg/L 
MMC, with 3.1-fold higher recA expression levels. Subsequent experiments with other genotoxin- 
and oxidative stress-sensitive bioreporter strains also found enhanced sensitivities and responses, 
whereas no improvement in the responses was found with biosensors which have been previously 
constructed to detect hydrolysate-related compounds. Finally, combining each of the above findings, 
tests were performed to demonstrate the potential application of the recA::luxCDABE bioreporter 
within a lab-on-a-CD platform as a point-of-care diagnostic to measure chemotherapeutic drug 





















Numerous bioreporters have been developed for various applications, including wastewater 
treatment and environmental toxicity assessments, and these respond to a wide range of chemical 
effectors, such as genotoxins, oxidative radicals and phenolic compounds.
103, 143
 of the two general 
constructs, the first class, i.e., constitutively-expressed sensors, commonly uses a strong promoter that 
shows little or no change in expression. In contrast, the second class incorporates an inducible 
promoter that is selectively expressed when the bacterial cell experiences a certain stress or stimulus 
and is, therefore, dependent entirely upon the activity of the promoter employed.
144
 For many of these 
sensors to operate properly, it is essential that chemical effectors are able to enter the cell through its 
membrane where they can interact with the cellular components (i.e., protein, lipids, and DNA) and 
elicit a response. This process is especially important for sensors with inducible promoters as they are 
often strongly affected by the stimuli. One major hurdle to overcome is the transport of the molecular 
effectors into the cytoplasm across the cellular membrane that is selectively permeable to molecules. 
Consequently, the transport of large molecules through a cellular membrane is difficult and requires 
long time periods. 
Mitomycin C (MMC) has been used as a model genotoxin and inducer of the DNA-damage 
SOS response for many bacterial sensors.
117b, 145
 It is a common chemotherapeutic agent and a potent 
DNA cross-linker. By cross-linking DNA, MMC blocks DNA replication, and has been shown to be 
lethal to bacteria.
146
 In response to DNA damage, the recA gene, which encodes for a protein involved 
in the repair and maintenance of the genomic DNA, is induced many fold in Escherichia coli
147
, 
making it useful for the development of a bioreporter that can sensitively detect DNA damage. 
Therefore, with regard to effectors, we hypothesized that the formation of pores in the 
bacterial membrane would be helpful for the rapid transport of bulky chemicals (Figure A.1), 
resulting in both a reduced response time and higher sensitivity. In several studies, human 
complement activity against mammalian cells (HeLa cells) has been shown using firefly luciferase.
148
 
They found that complement activity leads to rapid lysis of the cell and the release of cellular ATPs. 
In those studies, the pores caused by the complement system acted as a passage for cytoplasm 
components to leak out of the cell. In contrast, we are more interested in establishing that the same 
pores also permit extracellular compounds to pass across the membrane and into the cytoplasm of 
bacterial cells. Two previous studies were conducted using a similar concept and reported that the 
influx of D-luciferin through the membrane is facilitated by complement attack.
149
 
In this work, therefore, we studied the responses of a DNA damage-sensitive E. coli 
bioreporter strain with various genotoxins, including MMC, in the presence of human serum and 
compared them to similar tests performed in growth media alone. In this manner, we determined that 
the pores formed by the serum complement system increase the sensitivity of a DNA damage-












Figure A.1 Description of the concept of this study. Effectors are facilitated to penetrate into 
cytoplasm through cell membrane in presence of serum complement, thereby reacting with cellular 











A.3 Materials and Methods 
A.3.1 Cultivation of the Bacteria 
The bacterial strains used in this study are listed in Table A.1. These strains stored within a 
glycerol stock (20%) at -80 °C were struck out on a Luria-Bertani (LB, Difco, USA) agar plate 
containing 50 µg/mL ampicillin and grown for 16 h. From this plate, a single colony was inoculated 
into sterile LB media containing ampicillin at a concentration of 50 µg/mL. for growth and chemical 
exposure, an overnight culture of this strain was diluted with fresh LB media containing ampicillin at 
a ratio of 1:100 and grown until it reached an optical density (OD) of 0.1-0.15 measured at 600nm 
with a BioPhotometer Plus (Eppendorf, Germany). After reaching this OD, the culture was mixed 
with human serum (AB Male, Sigma-Aldrich, USA), which was treated at a temperature of 50 °C for 
30 min where noted, along with the chemical preparation as described below. All the experiments 
were performed at 30 °C. 
 
A.3.2 Construction of the Plasmids 
The plasmids used in this study are listed in Table A.1. Plasmid pDEWMCS was constructed 
by inserting a linker containing the restriction sites EcoRI, NotI, XhoI, BamHI, XmaI, XbaI, EcoRV 
and KpnI into plasmid pDEW201 after digestion with EcoRI and KpnI. The promoter regions for the 
katG and sodA genes of E. coli BL21 (DE3) were amplified with the primers listed in Table A.2. The 
products were inserted upstream of the lux operon within pDEWMCS after digestion with BamHI and 
KpnI or EcoRI and BamHI for katG and sodA, respectively. The constructs were transformed into E. 
coli DH5α by electroporation and selected on LB agar supplemented with ampicillin (100 µg/mL). In 
all luminescence experiment, E. coli MG1655 was used as the host. 
 
A.3.3 Chemical Preparation 
Several chemicals were selected based on the promoter used: for recA, mitomycin C (MMC) 
(Sigma-Aldrich, USA), ethidium bromide (EtBr) (Sigma-Aldrich, USA), methylmethane sulfonate 
(MMS) (TCI Chemicals, Japan), and ethane methylsulfonate (EMS) (TCI Chemicals, Japan); for sodA, 
benzyl viologen (BV) (Sigma-Aldrich, USA); and for katG, hydrogen peroxide (Sigma-Aldrich, 
USA). A 0.22um filter-sterilized stock solution of each was prepared using sterile deionized water. 
 
A.3.4 Bioluminescence and Viability Tests 
When the strains were ready, 100ul cultures were added to the wells of white 96-well 
microplates (Greiner, USA) containing either LB media or human serum. Bioluminescence readings 
were taken every 20 min for 4h using a GloMax Multi+ detection system (Promega, USA). 
For the serum concentrations effect experiment, MMC was added to the Rec3 culture to a 
concentration of 100 µg/L just prior to mixing the culture with the serum, giving a final concentration 
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of 50-100 µg/L depending on the serum volume tested. As a control, the Rec3 culture was mixed with 
the human serum without adding MMC. To determine the limit of detection (LOD), the test 
compounds were serially diluted within the wells of the plate using either serum or media before the 
culture was added. 
To determine the E. coli viability, samples were prepared in 96-well plates using either 100 
µL of LB, 40 µL of 50 °C-treated serum or 40 µL of 56 °C-treated serum. To these wells, 100 µL of 
fresh E. coli culture (OD 0.15) was added. This plate was then incubated at 30 °C with intermittent 
shaking for 2 h. At this time, samples were taken for bioluminescence (BL) (100 µL) and for viability 
(10 µL) determination. For the viability tests, the samples were serially diluted using LB media and 
plated on ampicillin LB agar plates. After being grown overnight at 30 °C, the number of colony-
forming units (CFU) was counted. 
 
A.3.5 Fluorescence Image 
Samples were visualized using an inverted epi-fluorescent microscope (Olympus IX71, Japan) 
at 10x and 20x objectives. An appropriate filter set was used according to the excitation/emission 
spectrum of the fluorescent dye (POPO-3) to ensure optimal signal recovery. Images were captured 
using the Metamorph Image Suite (version 7.07, Molecular Devices, USA). 
 
A.3.6 Real-Time Quantitative PCR Analysis 
Bacterial strains E. coli MG1655 and Bacillus subtilis were used in the RT-qPCR analysis. A 
single colony was inoculated from the LB agar plate grown overnight as described above but was 
cultivated in 3 mL LB until the OD was 0.8, measured at 600 nm. At this time, the culture was diluted 
into fresh media at a ratio of 1:25 and grown further until the OD reached 0.1-0.15. When the culture 
was ready, 10 mL was transferred to a flask with an equal volume of sterile LB or 4 mL of 50 °C-
treated serum so that the final MMC or BV concentrations in all the cultures were 100 µg/L and 1 
mg/L. These cultures were incubated for 40 min, after which the total cellular RNA was purified from 
5 mL of these sample cultures using the ChargeSwitch
®
 RNA purification kit (Invitrogen, USA). We 
followed the methods described previously for RNA purification, cDNA synthesis and RT-qPCR 
(Section 2.3), and the primers used to perform the RT-qPCR are listed in Table A.2. The 16s rRNA 
concentration was used to calculate the normalized concentration for each gene. For the relative 
expression levels, the recA and sodA RNA concentrations within each sample were compared with 







A.3.7 Detection of a Centrifugal System 
Sheep blood was purchased from KOMED (Korea) and used immediately upon delivery. In 
this experiment, sheep blood was used as a proxy for human blood. The blood serum portion was 
separated at 4000g. After blood separation, serum samples were prepared in test tubes by adding 
MMC to a final concentration of 0.25, 1 or 10 µg/L. For the tests, the bacterial cell cultures were 
prepared as described above and 200 µL of culture was added to 80 µL of the MMC-laden serum 
within the tubes and incubated for 2 h at room temperature (25 °C) and spinning at 40g. The BL from 
the tubes was measured after 2 h using a GloMax 20/20 Luminometer (Promega, USA).  
 
A.3.8 Data Analysis 
Each experiment was performed in triplicate independently. The data was transferred to 
Microsoft Excel for the analyses shile the data plots were all prepared using Origin Pro 8. The data is 
presented as the average value and the standard deviations are shown as error bars within the figures. 
The relative bioluminescence (RBL) is defined as the BL of the sample exposed to the 
compound (BLMMC) divided by that of the control (BLControl) for the same sampling time (t) (Eq. (1)), 
and relative fold induction (RFI) is described as the ratio between the RBL of the sample performed 
in serum (RBLSerum) and that done in only media (RBLLB) for the same time point (t) (Eq. (2)). 
 
RBL = BLMMC@t = i / BLControl@t = i                    (1) 



















Table A.1 Bacterial strains and plasmids used in this study 
 
Strain or plasmid Relevant characteristics Reference 
Strains   
E. coli BL21(DE3) F – ompT hsdSB(rB– mB–) gal dcm (DE3)  
E. coli MG1655 F–lambda- ilvG- rfb-50 rph-1  
B. subtilis   
Plasmids   
pRec3 recA::luxCDABE, pUCD615 150 
pDEW201 Promoterless luxCDABE expression plasmid, AmpR  
pDEWMCS 
Modified pDEW201 plasmid, MCS contains restriction sites for EcoRI, 
NotI, XhoI, BamHI, XmaI, XbaI, EcoRV and KpnI; AmpR 
This study 
pSDK katG::luxCDABE, pDEWMCS This study 
pSDS sodA::luxCDABE, pDEWMCS This study 
 
 
Table A.2 Primers used in this study and their sequences  
 
Gene Sequence 










E. coli  
16s For AATAAATCATAACTTGACGTCATCCCCACCT 
16s Rev AATAAATCATAAGAATGTGCCTTCGGGAACC 
recA For AATAAATCATAATTGCTCAGCAGCAACTCAC 
recA Rev AATAAATCATAACGGCGAACTGGTTGACCT 
sodA For AATAAATCATAACCATGGAAATCCACCACACCA 




16s For AATAAATCATAAAAGTCGAGCGGACAGATGGG 
16s Rev AATAAATCATAACGCATCGTTGCCTTGGTGAG 
recA For AATAAATCATAACTCTTGATACAGCACTGGGA 
recA Rev AATAAATCATAAATCTAACGCATGCTCCGCAT 
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A.4 Results and Discussion 
A.4.1 Enhancement of the Responses by Serum from a Genotoxin Bioreporter Strain  
E. coli MG1655/pRec3 (designated Rec3) was constructed previously by our group
150
, and 
contains the promoter for the recA gene from the same strain fused with the luxCDABE operon from 
Vibrio fischeri. Initially, we exposed the Rec3 cultures to mitomycin C (MMC) in media alone to 
assess its response. With 100 µg/L MMC, nearly 100 min is required before a significant response is 
elicited from the culture, i.e., an induced bioluminescence (BL) of 2-fold or higher when compared to 
that of the control (Figure A.2a). Furthermore, we found that the time needed for an observed 
significant response rapidly increases as the concentration of MMC decreases. For example, more 
than 3h is needed to observe a response when a concentration of 16 µg/L MMC was tested (Figure 
A.2b). These results highlight a limitation with this bacterial bioreporter in that long incubation 
periods are needed to detect low concentrations of MMC. This is likely due to a slow transport of 
MMC through the membrane, since MMC is capable of reacting very quickly with free genomic DNA 
under reducing conditions.
151
 To determine if trans-membrane transport was the limiting factor and to 
evaluate if we could improve the performance of this bioreporter strain, human serum was added to 
the test cultures along with MMC. Once activated, the serum complement system generates pores in 
the cellular membrane that are approximately 10 nm in diameter
152
, a size that comfortably allows 
relatively large organic molecules to leak into the cell. 
As shown in Figure A.3, the addition of serum had an intense effect on both the relative 
response and response time of the bioreporter. When serum was added a volume of 2 µL or greater, 
the resulting relative response was significantly higher compared to the sample without it. The 
maximum relative bioluminescence (RBL), i.e., the ratio between the induced BL and that of the 
unexposed control for both serum and media at the same time point, observed was 891 with the 
addition of 4 µL of serum, with a RBL of only 12 in its absence (Figure A.3b). This effect is more 
clearly visible in the plot of the relative fold induction (RFI) (Figure A.3c), which is defined as the 
ratio between the RBL values. For example, after a 2 h exposure to 100 µg/L MMC, the RFI with 4 
µL of serum added was nearly 120, where RBLs were 377 and 3.2 with and without serum, 
respectively. It should be noted that this dramatic increase in the response can be attributed, at least in 
part, to a lowered bioluminescent signal from the MMC-negative control cultures that were treated 
with serum (Figure A.3a and A.4). This lowered BL output results from the culture experiencing a 
significant amount of osmotic stress and cell death due to the serum complement activity while the 
large degree of variation seen in Figure A.3b hints at the extent of the stress experienced as well as the 
loss of viability occurring, especially when the volume of serum added exceeded 4 µL.  
In addition to the grater relative responses obtained, the addition of serum also led to faster 
responses from this bioreporter strain. Figure A.3d shows that the time needed for the RBL to reach a 








Figure A.2 Responses from Rec3 cultures exposed to 100 μg/L MMC within media alone. (A) 
Measured BL values from control and exposed cultures over time showing the higher BL signals 
emitted from the MMC-exposed cultures. (B) Time required for the RBL to surpass a value of 2 















Figure A.3 Enhanced Rec3 responses to 100 μg/L mitomycin C in the presence of untreated human 
serum. (A) BL results showing the similar induced levels with addition of up to 4 μL serum along 
with the decreased BL from the control. (B) RBLs in the presence of human serum at several 
concentrations. (C) Relative fold induction (RFI) values showing that 2 hours gave the best results. (D) 






















Figure A.4 Two-hour bioluminescence values seen according to the serum addition. The detrimental 
effects of the serum are seen as both control and induced BL values decrease further with higher 













culture) when 4 µL or more of serum was added. This was due in part to an earlier observed response 
as well as higher response kinetics from this strain when in the presence of serum. The increased 
response kinetics are apparent in a semi-log plot of the RBL versus time (Figure A.3d), where the 
RBL values from all the samples increased in a linear manner once induction occurred. As illustrated 
in this figure, the slope increased as the amount of serum added increased from 0 to 4 µL, while the 
addition of volumes greater than 4 µL gave nearly identical response kinetics. Based upon these 
results, we concluded that small addition of human serum increase the flow of MMC into the 
cytoplasm to a level that the bacterial response levels are maximized and that further addition offers 
no apparent benefit. 
 
A.4.2 Effects of Heat killing of the Serum Complement on Rec3’s Responses 
The complement system is a part of the immune system, and employs a number of proteins 
that are involved in helping clear away pathogens. Once the complement system is activated, the 
membrane attack complex (MAC) assembles and leads to lysis of the target cell through the formation 
of pores.
149b, 153
 Although several biochemical pathways are known to activate the complement system, 
its activation by gram negative bacteria can take place via the classical or the alternative pathway
154
 
where some strains, such as Pseudomonas aeruginosa, primarily show classical pathway-related 
activation
155
 while others, including E. coli, activate both pathway.
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To account for the enhanced responses seen in our study and to determine if they are due to 
the complement system, the serum was treated either at 50 °C to remove the effects of the alternative 
pathway or at 56 °C to inactivate both complement pathways.
157
 The maximum RBLs obtained from 
Rec3 cultures exposed to 100 µg/L of MMC according to the volume of treated serum added are 
shown in Figure A.5. The corresponding RFI values are also presented in Figure A.5. When the serum 
was treated at 50 °C, the RBLs reached their highest values (600-800) when the amount added was 
between 20 and 50 µL. With these volume of serum, the BL was approximately 2-fold higher that that 
seen with 4 µL whole (i.e., untreated) serum and was comparable with that of the MMC-exposed LB 
culture, i.e., no serum added. In addition to the responses being higher than those found with whole 
serum, they were also more stable, thereby decreasing the magnitude of error between the individual 
experiments. However, the loss of the alternative pathway meant that much higher serum 
concentrations were needed to produce the maximum response activities, with between 20 and 50 µL 
serum giving similar RBLs (Figure A.3b). Consequently, 40 µL was selected for all further 
experiments. Furthermore, the sensitivity of the Rec3 bioreporter strain was significantly enhanced, 
with a 3-h limit of detection (LOD) for MMC of 0.07 µg/L. this value is not only 430-times lower 
than the media alone control used in this study, it is also at least 7 times lower than the LODs reported 
with HPLC analyses.
158
 In contrast, the RBLs from the cultures exposed to 100 µg/L MMC with 
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56 °C-treated serum were similar to those obtained from cultures without serum addition, indicating 
that the enhanced responses were due to the complement activity. 
Consequently, the addition of too much serum causes a marked decrease in the response of 
the bioreporter, a finding that was confirmed in this study. Without treatment of the serum, the 
maximum responses were seen with only a 4 µL addition of serum, corresponding to a 4% (v/v) 
addition. Addition of larger quantities led to greater losses in the metabolic activities of the cultures, 
as illustrated by further loss in the BL from the control samples (Figure A.4). Treatment of the serum 
at 50 °C eliminated the alternative pathway and so more serum was required to elicit the same 
response from MMC. 
To evaluate the effects of the treated-serum on the viability of the culture, the colony-forming 
units were determined after a 2-h incubation using 40 µL of serum. The results are presented in Figure 
A.6, and show that the 50 °C-treated serum led to a 6.7-fold loss in viability. In contrast, tests with the 
56 °C-treated serum, where the complement activity has been completely inactivated, found no loss in 
the E. coli numbers, indicating that this serum had no obvious detrimental effect on the E. coli culture. 
For comparison, the BL values from each culture are also shown and follow a similar trend as the 
viability results. As the viable E. coli numbers decreased in the presence of 50 °C-treated serum but 
the maximum BLs seen with a MMC exposure were similar (Figure A.3a), these results imply that the 
responses seen in the presence of MMC are the result from a more intense individual cell response. 
 
A.4.3 Change in Membrane Permeability to POPO-3 by Serum complement  
Further evidence that the higher responses from Rec3 are due to the serum complement 
activity was obtained with POPO-3, which is a cell membrane impermeable dye. To determine if 
large molecules can readily pass into the bacteria through the pores and interact with the genomic 
DNA of intact cell, Rec3 cultures were incubated with POPO-3 in the presence of absence of 50 °C-
treated serum, although cell aggregation is apparent when compared with the control images (Figure 
A.7). Likewise, the presence of whole fluorescent cells in the presence of the treated serum shows that 
the cell membranes still maintained their integrity. 
The fluorescent signals from the control were very weak since POPO-3 cannot readily pass 
through intact biological membranes (Figure A.7c) while, in the presence of serum, POPO-3 
penetrated into the cell and intercalated into the cellular DNA, as evidenced by the more intense 
fluorescent signals in Figure A.7d. This is a clear finding since the fluorescence from POPO-3 
increases approximately 1000-fold once it associates with dsDNA.
159
 Accordingly, MMC should be 
able to do the same, resulting in covalently-bound double strand adducts
160
 that elicit E. coli’s SOS 











Figure A.5 RBL (A) and RFI (B) obtained with treated or untreated serum. Rec3 cultures exposed to 
100 μg/L MMC was mixed with the different serum preparation. As shown, serum complement is 


















Figure A.6 E. coli viability and bioluminescence results. The colony-forming units (CFU) and BLs 
from cultures exposed to 40µl of either 50- or 56 ºC-treated serum for two hours are presented, 
showing the significantly lower viability numbers and BLs within the 50ºC-treated serum sample. The 



















Figure A.7 Bright field images of E. coli in the absence (A) or presence (B) of 50 °C-treated serum 
show that the bacterial cells were still intact after 40 minute incubation with the treated serum. And 
since the fluorescence from POPO-3 increases approximately 1000-fold once it associates with DNA, 
the differences between fluorescent images in the absence (C) and or presence (D) of 50 °C-treated 










A.4.4 Increase in the Sensitivity of Rec3 to MMC by Addition of Serum  
Since the above results suggested that MMC can pass readily through serum-treated 
membranes, we hypothesized that this would lead to a decreased LOD for MMC with this bioreporter 
strain. Consequently, MMC dose-dependent tests were performed within either the bacterial media 
alone or with the addition of heat-treated serum to determine the effects of each condition (Figure 
A.8). Not surprisingly, the 56 °C-treated serum led to results that were indistinguishable from the 
medium-only samples, a finding that confirms that the complement needs to be active for the 
enhanced responses to be realized. Furthermore, the LOD, i.e., the lowest concentration leading to an 
RBL value of 2 or higher, was about 60 µg/L MMC after 2 h for both of these test conditions (Table 
A.3). When these experiments were performed for a longer time to 3h, the LOD dropped to about 30 
µg/L. These values are somewhat higher than previously reported for another E. coli host strain using 
basically the same plasmid, where the LOD for MMC was listed as 5 µg/L
147
, but may be attributed to 
host differences, an occurrence that has been seen previously for other bioreporter strains.  
In contrast, when the serum was treated at 50 °C, the LOD was much lower, i.e., 0.56 µg/L 
for a 2 h exposure, which corresponds to a 110-fold increased sensitivity over the media-alone tests. 
When analyzed after 3h, the LOD dropped to just 0.07 µg/L, or a 430-fold increased sensitivity over 
identical tests performed in media alone. This is far below the detection limit for MMC within human 




A.4.5 Mitomycin C-Induced recA Expression in the Serum-Exposed Cultures 
It is clear that activated serum complement leads to a greater response and sensitivity from 
the Rec3 bioluminescent bioreporter. The biochemistry of lux-based luminescence, however, involves 
the oxidation of riboflavin and aliphatic aldehydes and employs a complicated biochemistry.
162
 One 
previous report found that a “false-induction” occurred with a similar plasmid construct, i.e., the recA 
promoter controlling expression of the luxCDABE genes, when the membrane was perturbed by 
phenolics.
151
 Therefore, to assess if recA expression was induced under the conditions tested in this 
study, we performed real-time quantitative PCR (RT-qPCR) analysis of samples 40 min after 
initiating the exposure. 
Figure A.9 shows the relative RNA expression levels from both E. coli and B. subtilis, which 
were chosen as representative gram-negative and gram-positive bacterial strains, respectively, when 
exposed to several compounds with no serum or 50-treated serum added. With serum addition, the E. 
coli recA gene exhibited, on average, a 5.1-fold higher expression level in cells exposed to 100 µg/L 
MMC. This result is more than 3 times higher than the ratio obtained from the media-alone culture 
expression levels, demonstrating that the bacterium is responding stronger to MMC when serum was 
present. Furthermore, the recA expression level was induced by MMC while that within the serum 













Figure A.8 RBLs obtained after a 2 h exposure of Rec3 to various concentrations of MMC in the 
presence of absence of the different treated serum, showing that serum increased the sensitivity of 
























Figure A.9 Real-time qPCR analysis showing the higher induction of recA and sodA genes in E. coli 
in the presence of serum. E. coli cultures with or without serum were exposed to MMC or BV and 














Consequently, the serum itself did not lead to an increased recA expression but merely 
facilitated the response to MMC. Similar tests with benzyl viologen (BV), which produces superoxide 
radicals and causes oxidative stress
161
, also found an enhanced expression level from the sodA gene 
when the tests were performed in the presence of serum, with a 4.4-fold increased mRNA 
concentration as compared with a 2.8-fold increase in the media-alone experiments. These findings 
provide more evidence that the pores formed by serum complement allowed more compounds to enter 
the cytoplasm and stimulate the expression of the target response genes.  
B. subtilis, a gram-positive bacterium, did not appear to be as sensitive as E. coli to the 
complement activity. The recA expression levels induced by MMC were similar whether serum was 
present or not (Figure A.9). Due to differences in their membrane structure, gram-positive bacteria, 
which have a thick peptidoglycan layer, are generally considered to be more resistant to complement 
activity. Although it has been shown that the constituents of gram-positive cell walls activate the 
complement pathway similarly to gram-negative bacteria
163
, B. subtilis might require more serum 
volume or a longer incubation time to achieve similarly enhanced mRNA expression level. 
  
A.4.6 Responses from Rec3 Exposed to Other Genotoxins and Oxidative Radical Generating 
Compounds 
Since the use of treated serum dramatically increased both the sensitivity and responses from 
Rec3 cultures with MMC, tests were next performed with various other stress responses to assess the 
extent to which serum enhances the responses from general biosensing systems. Based upon the tests 
with treated serum samples, all of the subsequent tests were performed with the addition of 40 µL of 
50 °C-treated serum. The LOD values for each chemical effector are listed in Table A.3. 
In addition to MMC, several genotoxins were tested with Rec3, including methylmethane 
sulfonate (MMS), ethylmethane sulfonate (EMS), cisplatin and ethidium bromide (EtBr). As 
mentioned, the detection of MMC by Rec3 is extremely sensitive, with LOD of 0.07 µg/L in 3h, a 
value 430 times more sensitive than when performed in media alone. However, no improved 
responses were seen in the tests with MMS and EMS. One reason for this lack of enhancement may 
be that they are much smaller compounds and so may not have much of an impediment to cross the 
membrane. In contrast, the DNA intercalator EtBr is slightly larger than MMC and was shown 
previously to elicit a much more mild response with RBL of 10 when compared with MMC showing 
RBL of 1000.
147
 In the present study, EtBr was not detected by strain Rec3 without serum addition 
(Table A.3). Significant responses were seen, however, when serum was added, allowing us to detect 






Table A.3 Detection limits of several bioreporter strains exposed to various genotoxins or oxidative 
stree-inducing chemicals for 2 h or less 
 
Compound MW Solubilitya  Gene LOD values 
Increased 
Sensitivity 
    LB Serum (50 °C)  
Genotoxin       
MMC (μg/L) 334.3 8.4 recA 62.5 0.56 112-fold 
MMS (mg/L) 110.1 200 recA 4.7 13.4 None 
EMS (mg/L) 124.2 100 recA 150 214 None 
EtBr (μg/L) 394.3 40 recA NDb 140  
Cisplatin (mg/L) 301.1 1 recA 2.97 0.56 5.3-fold 
Oxidative stress 
      
H2O2 (mg/L) 34.0 miscible katG 0.09 3.12 None 




 Solubility (mg/mL) 
 
b





Figure A.10 RBLs from E. coli MG1655/pSDK exposed to H2O2 with or without serum. The line 
labeled with H means the results at high concentration of effector about 50 μg/L and that with L 
means the results at low concentration of effector about 1.5 μg/L. 
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The oxidative stresses caused by H2O2 and BV were next evaluated using strains bearing katG 
or sodA gene fusions with the lux operon within pDEWMCS, respectively. BV is a derivative of 
paraquat, which is known to generate superoxide radicals in a catalytic manner
164
, thereby inducing 
expression of the SoxRS regulon within E. coli
165
, which includes the sodA gene. In the BV-induced 
oxidative stress assessments, serum complement again led to higher sensitivities, with the sodA fusion 
strain showing 1.7-fold lower LOD when compared to the media-alone tests. For the detection of 
H2O2 by the katG::lux fusion strain, no sensitivity improvement was achieved in terms of the LOD. 
However, it took a much shorter time to elicit a significant response at high concentration of effector. 
When the serum was added to the culture in testes with 50 mg/L H2O2, the RBL reached a value of 18 
in only 20 min, while the RBL value without serum addition was about 3.5 at the same time point 
(Figure A.10). In case of lower concentration, significant detection was achieved only within the 
culture without serum  
Other than the bioreporter referred, the bioreporter strains, which were constructed in Chapter 
3 to detect the hydrolysate-related compounds, has been also tested with heat-treated serum. 
Unfortunately, however, higher or faster responses from the cultures were not obtained. It would be 
explained by the fact that the molecules within the lignin portion, such as ferulic acid, are relatively 
small and have been shown to disrupt the membrane and leak into the cytoplasm, even without the 
helps by the serum complement system.  
 
A.4.7 Centrifugal Microfluidic System for the Detection of MMC within Blood Samples 
Based upon the above results showing that serum complement activity greatly enhances the 
sensitivity of bioreporter strains, particularly to genotoxins, we next combined these two aspects with 
a centrifugal microfluidic, or Lab-on-a-CD, platform to develop a chemotherapy agent sensor. Lab-
on-a-CD platforms have been utilized for various uses, including complex biological analyses, 
especially in medical and clinical diagnostics.
166
 The fluidic functions of this microfluidic system, 
such as valving, mixing and metering, have been well characterized for use with biological 
samples.
167
 In addition, the physical design of a microfluidic CD enables simple multiplexing of 
assays to be executed and detected simultaneously in an integrated system, while microfluidic CD-
based immunoassays have been developed which rely on chemiluminescent enzymes
168
, making their 
use with luminescent bioreporters feasible. Thus, the centrifugal microfluidic platform seemed an 
ideal choice in the development of an automated system for the detection of various chemotherapy 
drug concentrations (e.g. MMC) from a whole blood sample with the use of our bioluminescent strain 
Rec3. 
In this work, blood separation was performed in both a tabletop centrifuge tube system and a 
microfluidic CD system. Automated blood sample separation, including separating the plasma or 





 In our experiments we centrifuged whole sheep blood, which was used as a proxy for 
human blood samples, at 4000g to separate the blood serum portions and then added MMC to test 
concentrations of 0.25, 1 and 10 µg/L. These concentrations were selected based upon several 
previous pharmacokinetic studies with actual patient samples that found serum MMC concentrations 
ranging from several hundred microgram per liter down to approximately 0.5 µg/L during the course 
of treatment.
158b, 170
 The spiked serum samples were then added to the Rec3 cultures. 
After incubation for 2 h in the centrifugal device under the conditions described in section 
A.3.7, the luminescence from each of the samples was measured and is presented in Figure A.11. 
Untreated human serum samples were also tested as a standard to compare with the sheep blood 
serum results. The RBL results are similar to the values seen in Figure A.8 for similar MMC 
concentrations, illustrating that the protocol, i.e., the g-force, used does not significantly affect the E. 
coli cells or the serum complement activity. A microfluidic CD system that performs the detection of 
MMC in blood samples will need to integrate and automate each of the steps, including blood serum 
separation, mixing of the serum with the culture media, heat treatment and luminescence detection. 
































Figure A.11 Detection of MMC within a centrifugal device. The RBL values were obtained from 
Rec3 cultures exposed to MMC under a constant 40g force for 2 h. Tests with sheep blood shows that 
it was able to detect MMC at a concentration of 1 μg/L after 2 h although RBL was lower than those 
















This study was undertaken to determine if the presence of pores, such as those generated by 
the serum complement activity, could enhances the responses from bacterial bioreporter strains by 
overcoming transport limitations caused by the selective permeability of the cellular membrane. The 
activity of whole serum was very robust, requiring only a small volume to significantly improve the 
responses of a bioreporter sensitive to genotoxins with a 120-fold higher response to the same 
concentration of MMC. Treatment of the serum at 50 °C led to more stable response, albeit more 
serum was needed to elicit the best results, while 56 °C completely abolished the enhancement. Using 
a cell impermeable dye and RT-qPCR, we demonstrated that transport of large extracellular molecules 
is improved in the presence of the treated serum ad that the responses observed were due to higher 
gene expression levels. Tests with a wide variety of compounds and other bioreporter strains found 
that addition of serum enhanced bioreporter’s sensitivity to oxidative-radicals and genotoxins, with 
better responses observed when large effectors were tested. Although the findings have far-reaching 
applications, based upon the above findings it was surmised that this research would be most 
applicable to estimate the concentration of chemotherapy drugs within a patient’s blood serum. 
Subsequent experiments performed using a centrifugal platform found the responses from Rec3 to 
various MMC to be similar to control experiment, i.e., not in the presence of a centrifugal force, 
illustrating that this bioreporter can be used within point-of-care Lab-on-a-CD devices to sensitively 
measure MMC concentrations. This will be evaluated in a future study, as will the range of 



















Chapter 4. Transcriptomic Analysis of C. beijerinckii NCIMB 8052: 
Characterization and Utilization for Fermentation 
  
4.1 Summary 
The effects of ferulic acid, one of phenolic compounds derived from lignin, on C. beijerinckii 
NCIMB 8052 were determined in respect to its growth, solvent production and transcriptional 
response. Addition of ferulic acid to cultures resulted in the decrease of the growth as and solvent 
production to 70% and 75%, respectively, compared to control culture. To better understand its 
toxicity, microarray analysis was performed using the samples taken from these cultures at three 
different states. Several gene ontology terms and KEGG pathways were identified showing significant 
change at each status, including ABC transporters, two component system, and oxidoreductase 
activity. Besides, the genes related efflux system and heat shock protein were also shown to be 
strongly regulated. Among them, groE operon showing induction more than 4-fold was selected to be 
overexpressed inside C. beijerinckii so that the strain would be more tolerant to ferulic acid and other 
lignin hydrolysate-related compounds. C. beijerinckii harboring pSAAT-ptb_Gro was constructed and 
its groE operon gene expression was found to be increased by RT-qPCR analysis. Moreover, it was 
shown that the tolerance to ferulic acid was increased about 15% through evaluation on growth and 





















Phenolic compounds generated during the pretreatment process of lignocellulosic biomass 
should be removed for biofuel production since they inhibit activity of fermentative bacterial strain. 
Although several methods have been known, such as using enzyme, vacuum evaporation, and 
overliming
90-91, 94, 171
, it is hard to eliminate completely inhibitory compounds from hydrolysates. In 
addition, they require considerable energy and extra materials while generating wastes which should 
be dealt with again. Therefore, it has been suggested, as an alternative, to develop more robust and 
tolerant stains to toxic hydrolysate-related compounds.  
In the past, adaptations, where the cultures experience the stress condition serially, or random 
mutagenesis, where the cells are exposed to mutagenic chemicals, were primarily used to make 
genetically modified organism.
95, 172
 Nowadays, the analyses of individual gene expression responding 
to stresses become possible with transcriptomic analysis, such as microarray analysis, which can be 
used to construct new strain. Several studies were reported on transcriptomic analysis to determine the 
toxicity of solvent to bacterial strains.
97
 Recently, the stress of ferulic acid, one of lignin-derived 
compounds, was evaluated within E. coli (Chapter 2) and L. brevis
173
. Although biofuel, such as 
butanol, was produced using those strains
100, 174
, they were engineered to have external metabolic 
pathway and their substrate was limited to glucose, suggesting that non-natural biofuel producing 
strains still remains under doubt about their application. Microarray analysis with C. beijerinckii, a 
natural butanol fermentative strain, was also reported when the culture was exposed to furfural, which 
can be also generated by the pretreatment of lignocellulosic materials.
175
 As stated, the detrimental 
effect of aromatic compounds arouse from lignin portion is severer than other compounds from sugar, 
such as furfural, at lower concentration level. Nevertheless, the effects of phenolics on clostridia have 
not been studied yet.  
 In this study, therefore, transcriptomic analysis was performed using C. beijerinckii NCIMB 
8052, one of common clostridium strains, when exposed to ferulic acid. The effects of the compound 
were assessed as the instant, short- and long-term responses. Moreover, C. beijerinckii having 
tolerance to ferulic acid was made by overexpressing molecular chaperone coding genes, which was 











4.3 Materials and Methods 
4.3.1 Bacterial Strains and Growth Condition 
C. beijerinckii NCIMB 8052 was prepared from the spores stored at 4 °C by heat shock at 
75 °C for 10 min. After chilling on ice, 1 mL of spore was inoculated into 20 mL of Reinforced 
Clostridia Medium (RCM) (Difco, USA) and incubated anaerobically within serum bottle at 37 °C for 
12 h. The cells were sub-cultured to fresh media and grown 9 h to reach Optical density (OD) at 
600nm 2.0. Finally, for the chemical exposure, the cells were transferred into 50 mL of P2 media with 
or without 0.5 g/L of ferulic acid, and cultured for 84 hours. P2 media was prepared as previously 
described.
176
 For growth of C. beijerinckii harboring plasmid, erythromycin was used at a 
concentration of 20 μg/L to retain the plasmid during the growth.  
For plasmid construction, E. coli DH5α was used as a host strain, which was grown in Luria-
Broth (LB) (Difco, USA) or its agar plate. Ampicillin 100 μg/L was added to medium when needed. 
All the strains and plasmids were used in this study are listed in Table 4.1.   
 
4.3.2 Product Analysis 
The cell growth was analyzed by measuring optical density at 600 nm using BioPhotometer 
plus (Eppendorf, Germany). Solvent and acid concentrations from the fermentation were measured 
using gas chromatography (Agilent Technologies 7890A, USA) equipped with flame ionization 
detector. Nitrogen gas was used as carrier gas and column was BP21 capillary column (30m x 0.25 
mm x 0.25μm) (SGE Analytical Science, Australia). The temperatures of injector and detector were 
kept at 250 °C and oven temperature was programmed initially to be held at 50 °C for 1 min, followed 
by the increase from 50 °C to 240 °C with the rate of 20 °C/min. Glucose concentration was analyzed 
using high-performance liquid chromatography (Agilent Technologies 1200 series, USA) with a Bio-
Rad Aminex HPX-87P column (300 x 7.8 mm) (USA). The temperature for the column was 80 °C 
and HPLC-grade water (DAEJUNG Chemicals, Korea) as mobile phase was flowed at the rate of 0.6 
mL/min.  
 
4.3.3 RNA Isolation  
For RNA isolation, 3-10 mL of culture was harvest by centrifugation at 4000 rpm for 10 min 
at 4 °C. The cell pellet was resuspended and treated with 20 mg/mL lysozyme at 37 °C for 4 min in 
SET buffer (25% sucrose, 50mM EDTA pH 8.0, 50mM Tris-HCl pH 8.0).
177
 1 mL of Trizol (Ambion, 
USA) and 200 μL of chloroform-isoamylalcohol (Sigma, USA) were added to each samples and 
incubated at room temperature. After centrifugation at 12000g for 15 min at 4 °C, the upper aqueous 
phase was transferred to new tubes containing the equal volume of 70% ethanol. For purification, this 
mixture was transferred to the spin column inside RNeasy Mini Kit (Qiagen, USA), and further steps 
were performed according to the manufacturer’s protocol. RNA samples prepared were treated with 
109 
 
DNase I (Thermo Scientific, USA) to remove genomic DNA remained completely. RNA quality was 
assessed with Bioanalyzer 2100 (Agilent Technologies, USA) and quantity was determined with 
NanoDrop 2000 (Thermo Scientific, USA). 
 
4.3.4 Microarray Experiment and Analysis 
The microarray chips for this study were constructed by Agilent Technologies. A total of 
5009 genes of C. beijerinckii NCIMB 8052 were examined from 5020 protein coding genes according 
to NCBI. The arrays were designed to have three identical replicates probe for each gene. The 
samples taken at OD 0.3 and 1.4 were analyzed in triplicate, but those for OD 5 were tested in 
duplicate, which requires 16 arrays. All Experiment for microarray was performed according to the 
protocol of Agilent One-Color Microarray-Based Exon Analysis. Fluorescent cRNA was generated 
from 100 ng of RNA for each sample using Low Input Amp WT Labeling Kit, One color (Agilent 
Technologies, USA), and then purified using RNeasy Mini Kit (Qiagen, USA). When labeling 
reaction was prepared, RNA Spike-In Kit, One color (Agilent Technologies, USA) was also used as 
the control. After quantifying the cRNA, 600 ng was used for hybridization to one array using Gene 
Expression Hybridization Kit (Agilent Technologies, USA). Hybridization was conducted at 65 °C 
for 17 h, followed by chip washing and dry using Gene Expression Wash Buffer Kit (Agilent 
Technologies, USA). Finally, the microarray slides were scanned by Agilent G2565CA Microarray 
Scanner System (Agilent Technologies, USA).  
The features scanned at 5-micron pixel size were extracted and analyzed with Agilent Feature 
Extraction software v10.5. The data obtained were normalized using the 75
th
 percentile value of the 
non-control signals on the each array which was provided by the program. The signals below the 
negative control were excluded to be sure of values, and were averaged from the three replicates. 
Afterwards, the relative expression levels were calculated by dividing the adjusted values for test 
samples with ferulic acid by those for control without ferulic acid at each OD point. For the 
negatively regulated genes, however, the reciprocal of the relative values with multiplying -1 was 
used to make comparison facilitated. Finally, the genes showing 1.5-fold or greater change (with p < 
0.05) were selected to conduct functional enrichment analysis according to Gene Ontology terms and 
KEGG pathway using DAVID bioinformatics tool.
178
 Moreover, Treeview v.1.6 program was used to 




4.3.5 Real-Time Quantitative PCR Analysis 
To be validated, the genes showing highly up- or down-regulated expression based upon the 
microarray results were tested by real-time quantitative PCR analysis. Total RNA samples prepared as 
described above, 1 μg of which was used to synthesize cDNA using RevertAid First Strand cDNA 
Synthesis Kit (Thermo Scientific, USA).  
110 
 
For RT-qPCR reaction, 1 μL of cDNA samples was used, and the volumes of Power SYBR®  
Green PCR Master Mix (Applied Biosystems, UK) and the primers were scaled according to the 
manufacturer’s recommendation. Primers were designed to have Tm of 58 ± 1 °C and a 5’ additional 
sequence flap for the better responses (Table 4.2).
108
 The Reaction on LightCycler®  480 Real-Time 
PCR System (Roche, USA) was programmed as described previously, except that the initial 
denaturation at 95 °C was prolonged to 10 min (Section 2.3.5, Chapter 2). To analyze, each data was 
shown as the relative value to standards, which was C. beijerinckii NCIMB 8052 genomic DNA, and 
then normalized using 16s rRNA gene.  
 
4.3.6 Construction of New Shuttle Vector and Overexpression Plasmid, pSAAT-ptb_Gro 
All enzymes used in this study, including restriction enzyme, Phusion High-fidelity PCR 
polymerase and T4 ligase, were purchased from Thermo Scientific (USA). New E. coli-Clostridium 
shuttle vector was constructed by inserting the 3 kb size fragment from pDEWMCS prepared with 
PvuII and EcoRI into pSA12 digested with EcoRV and EcoRI, giving pSAAT. And, promoter region 
of ptb gene was amplified from C. beijerinckii NCIMB 8052 with the primers containing XbaI site 
listed in Table 4.2. The amplicon was cloned into pSAAT after both were digested with XbaI, which 
was transformed into E. coli DH5α competent cell (RBC bioscience, Taiwan). After incubation on LB 
agar plate containing ampicillin at 100 μg/L at 37 °C for overnight, the colonies were confirmed for 
the insertion and orientation by PCR using the primers, Ptb-p RX and SeqR. This final shuttle vector 
was designated as pSAAT-ptb.  
Amplification of groE operon gene was carried out by PCR with genomic DNA of C. 
acetobutylicum and the primers shown in Table 4.2. The PCR fragment and pSAAT-ptb were digested 
with EcoRI and BamHI and ligated. The ligate was transformed into the same competent cell and 
spread on LB agar plate containing ampicillin. This plate was incubated at 25 °C for several days 
since no correct colony was obtained by incubation at 37 °C as the previous study.
180
 From the correct 
colony selected, plasmids prepared, which is pSAAT-ptb_Gro. 
  
4.3.7 Transformation into C. beijerinckii NCIMB 8052 
The plasmid was transformed into C. beijerinckii NCIMB 8052 using electroporation by the 
modified method from the previous study.
181
 C. beijerinckii culture grown anaerobically overnight in 
RCM was transfer into TGY medium
182
 and grown to reach OD 0.6. The cells at this state were 
harvested by centrifugation at 3000g for 10 min at 4 °C and washed with 1 volume of ice cold ETB 
(270 mM sucrose, 5 mM NaH2PO4, pH 7.4). After spun down at the same condition, the cell pellet 
was resuspended with ice cold ETB to make the final volume to 1/25 of initial cell volume, which was 
immediately used for electroporation.  
111 
 
Total 2 μg of plasmid DNA was mixed into 400 μL competent cell prepared above, which 
was incubated for 10 min in ice. The DNA mixture was added into a electrotransformation cuvette 
(4mm gap width), and electroporation was performed with 2 kV voltage using Electroporator 2510 
(Eppendorf, Germany). Afterwards, the cells were immediately transferred to 8 mL of TGY medium 
and incubated for 4 h at 37 °C. The cells were centrifuged and resuspended with media, and then 

































Table 4.1 Bacterial strains and plasmids used in this study 
 
Strain or plasmid Relevant characteristics Reference 
Strains   
C. beijerinckii 
NCIMB 8052 
Wild type  
C. acetobutylicum 
ATCC 824 
Wild type  
E. coli DH5α 
fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15 gyrA96 recA1 
relA1 endA1 thi-1 hsdR17 
 
Plasmids   
pDEWMCS 
Modified pDEW201 plasmid, MCS contains restriction sites for EcoRI, 
NotI, XhoI, BamHI, XmaI, XbaI, EcoRV and KpnI; AmpR 
 
pSA12 Emr, shuttle vector, ColE1 ori, pIM13 oriII 183 
pSAAT EmR, AmpR, shuttle vector, ColE1 ori, pIM13 oriII, T1-4 This study 
pSAAT-ptb EmR, AmpR, shuttle vector, ColE1 ori, pIM13 oriII, T1-4, Pptb,  This study 
pSAAT-ptb_Gro 
























Table 4.2 Primers used in this study and their sequences 
 
Primer Sequence 
 RT-qPCR analysis  
  16s rRNA F AATAAATCATAACGCACAAGCAGCGGAGCAT 
  16s rRNA R AATAAATCATAAAACCCAACATCTCACGACACGA 
  Cbei_0328 F AATAAATCATAAACCACTTGGTGAAAGAGTAG 
  Cbei_0328 R AATAAATCATAACCTTTACTTCTGTTCCAGCA 
  Cbei_0329 F AATAAATCATAATTTGGGGAAGATGCAAGAAG 
  Cbei_0329 R AATAAATCATAAGCACCCATGTTTTCATATGG 
  Cbei_0328 F2 AATAAATCATAATGAACATTAAACCACTTGGTGA 
  Cbei_0328 R2 AATAAATCATAATCCAGGTCCTACTGCAAC 
  Cbei_0329 F2 AATAAATCATAAAAGAAGATATAGCTAGAGTTGC 
  Cbei_0329 R2 AATAAATCATAACCTCTATCGAATTGCATACC 
  Cbei_0620 F AATAAATCATAAATGTAACGCAGGTCATGCTT 
  Cbei_0620 R AATAAATCATAAATCTTCCTATTGTAGCCGGA 
  Cbei_0707 F AATAAATCATAAGATCGTTTTGGAGAAGGAATGGG 
  Cbei_0707 R AATAAATCATAAACCCCCAAGCACGGCTAGT 
  Cbei_0829 F AATAAATCATAATAGAAGCTGCTGAGGAAGAT 
  Cbei_0829 R AATAAATCATAATACATCTACATATGCATCGCT 
  Cbei_2056 F AATAAATCATAAACAGAAGGACTTGCAGATGT 
  Cbei_2056 R AATAAATCATAAGGTTAACTCCTGCAAGCTTA 
  Cbei_2726 F AATAAATCATAAAGTCGCTTTTTGCAGGTAGT 
  Cbei_2726 R AATAAATCATAACCATTCTAACTGTGTTAGGAG 
  Cbei_3961 F AATAAATCATAACTAGCTCATCCTACTAAGAC 
  Cbei_3961 R AATAAATCATAACTGAACATAGCTCACAAGCA 
  Cbei_4292 F AATAAATCATAATATGTTAGTTGAAGGTGCGG 
  Cbei_4292 R AATAAATCATAACCATCCTGCTTGTGTTGTAT 
  Cbei_4584 F AATAAATCATAATGGATGAGCCTTTTACTGGA 
  Cbei_4584 R AATAAATCATAAGAGTTTTGCCCTTATCAATCA 
  Cbei_4924 F AATAAATCATAATTATACGGGCAGGAGCTAAA 
  Cbei_4924 R AATAAATCATAAAGAGTTTGCATAGGAGAGAG 
 Plasmid construction  
  Ptb-p FX TGCTCTAGAATAGAAGATATATTATATTACGTTCGTGTTGTGA 
  Ptb-p RX GCATCTAGAAATCAATGCTATGAATATTTCTTTATACCTT 
  A_groE FB GTAGGATCCGCCAAAATTAAGTTTATACTAAAAG 
  A_groE RE GTAGAATTCAATGCACTCTTATTACATTAATC 
  Seq F GAAAGGGGGATGTGCTGCAAGGCG 




4.4 Results and Discusstion 
4.4.1 C. beijerinckii NCIMB 8052 Growth and Solvent Production under Ferulic Acid Stress 
Ferulic acid was chosen as the model inhibitory compound derived from lignocellulosic 
biomass for this study, because it showed detrimental effect on the fermentative microbes, even with a 
small amount. As expected, ferulic acid at concentration of 0.5 g/L delayed the growth of C. 
beijerinckii NCIMB 8052, proved by the fact that the growth rate during the exponential phase was 
decreased by 70% inside the culture supplemented with ferulic acid (Figure 4.1a). In addition, the 
final maximum cell density as OD at 600 nm was only 10.4 of at 28 hours post stress of ferulic acid, 
while that of the control culture was 16.2 at 16 hours. These slowed growth by ferulic acid also led 
that the solvent production was initiated 4 hours later. The inhibitory effect of the ferulic acid on 
solvent production was also shown in Figure 4.1b. Total solvent (acetone-butanol-ethanol) and 
butanol concentration in the presence of ferulic acid reduced to 11.71 g/L and 6.07 g/L, compared to 
13.95 g/L and 8.08 g/L in the absence of ferulic acid, respectively. 
To better understand the mechanisms how ferulic acid affects C. beijerinckii NCIMB 8052 
in respect to physiology and transcriptional response, whole genome microarray analysis was 
performed using total cellular RNA prepared from the cultures with or without 0.5 g/L of ferulic acid. 
In addition, RNA was prepared at three different time points according to optical density in order to 
investigate and compare the instant, short- and long-term responses to the ferulic acid by the cell, 
which are indicated as arrows in Figure 4.1a. 
 
4.4.2 Confirmation of Gene Expression Pattern from Microarray Analysis by RT-qPCR 
Real time-qPCR (RT-qPCR) was performed to confirm the genes differentially expressed 
during the challenge of ferulic acid. 10 genes were selected to be validated based on the microarray 
results, which were the most highly regulated genes within the groups made according to gene 
functionality (Figure 4.4-4.8). As seen in Figure 4.3, the results from RT-qPCR and microarray 
analysis were found to be well correlated, showing similar gene expression patterns during the growth 
as well as fold-induction of individual genes. Within the genes responsible for heat shock, for 
example, Cbei_0329 and Cbei_0829 encoding chaperonin GroEL and GrpE protein, respectively, 
were evaluated which exists in the different operons. They were highly induced when the cell was 
exposed to ferulic acid for 4 hours (short-term responses), reaching around to the relative expression 
level of 8.9 and 21.3 (the log2 ratio of 3.1 and 4.4), respectively, based on both microarray and RT-
qPCR analysis. The other genes also showed the similar trends through the time and expression level 












Figure 4.1 Effect of ferulic acid on C. beijerinckii NCIMB 8052 growth, sugar consumption (A) and 
solvent production (B). The cells were sampled for RNA isolation according to OD point from the 


















Figure 4.2 Validation of microarray data by RT-qPCR. The values of relative expression level from 
microarray and RT-qPCR were converted to log2 values and correlated each other. A good R
2
 value 















Figure 4.3 Comparison of the expression level for each gene from microarray and RT-qPCR analyses 
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4.4.3 Induction of Efflux System Related Genes as a Fast Response to Ferulic Acid 
As the instant responses of C.beijerinckii NCIMB 8052 to the ferulic acid stress, one down-
regulated gene ontology (GO) term was identified, which is ATPase activity (GO:0016887) (Table 
4.3). The genes more than a half within this term were grouped into sub-category termed as ATPase 
activity, coupled (GO:0042623), the definition of which is the ATP catalysis reaction directly drives 
some other reaction, for example ion transport across a membrane. Within the culture, ferulic acid 
might act as an uncoupler, due to its hydrophobicity, therefore, decrease pH gradient of the cell. The 
abrupt change in proton motive force can affect ATP synthesis
183
, which would make ion transport 
accompanied with ATP synthesis, such as ABC transport, down-regulated. Actually, the genes related 
with ion transport within E. coli were shown to be significantly decreased in presence of 0.5 g/L 
ferulic acid in the previous study (Table 2.2, Chapter 2). Moreover, the down-regulation of ATPase 
activity would be also explained by the membrane leakage. It was reported that aromatic acids caused 
partial membrane disruption, where transmembrane ATPase were affected.
89
 The responses to 
membrane damage by ferulic acid was previously shown in E. coli (Chapter 2) and L. brevis
173
. In E. 
coli, the transport of phosphate was allowed through the membrane leak by ferulic acid. L. brevis also 
showed stress response to the membrane damage triggered by ferulic acid. From another analysis, 
KEGG pathway, the genes related to arginine and proline metabolism (cbe00330) were differentially 
up-regulate (Table 4.3).  
Of the genes up-regulated responding to ferulic acid shortly, those encoding the proteins 
related with efflux system was highly expressed showing up to 49-fold induction compared to the 
control culture (Figure 4.4). Several kinds of efflux pump have been reported to be responsible for 
tolerance mechanism to toxic chemical, such as organic solvent or antibiotics
184
, and they are 
classified into several groups, such as the RND, SMR, MATE and MFS. Although the gram positive 
strain has lower tolerance to toxic solvent compared to the gram negative bacteria due to the lack of 
the outer membrane, several efflux pumps of gram positive bacteria were found and most of them are 
involved in MFS. In this study, similarly, the most genes up-regulated by ferulic acid were major 
facilitator superfamily MFS_1 among the genes shown in Figure 4.4. This effect of ferulic acid is also 
well explained with the report that the uncharacterized major facilitator superfamily permeases were 
highly expressed within L. brevis exposed to ferulic acid.
173
  
Moreover, four genes (Cbei_0707, Cbei_3317, Cbei_4924 and Cbei_4980) showed 
significant change in their relative expression level (4-fold or higher) (Table 4.6). And Cbei_0707 and 
Cbei_4924 were identified to exist with MarR family transcriptional regulator, Cbei_0706 and 
Cbei_4923, respectively,
182
 which agrees well with the previous study with E. coli that 4-fold or 
greater induction of marRAB operon was shown from E. coli exposed to ferulic acid at 0.5 g/L (Table 




Table 4.3 GO term and KEGG pathway identified showing significant changes as the instant 
responses of C. beijerinckii to 0.5 g/L of ferulic acid. C. beijerinckii cultures were exposed to ferulic 
acid for 10 min and sampled when OD was 0.3 
 
GO term 
 Category ID GO term P-value Benjaminia Count (%) 
Up NSb      
Down MF GO:0016887 ATPase activity 3.85E-05 0.012392 38 (7.44) 
 
KEGG pathway 
 KEGG ID Pathway definition P-value Benjamini Count (%) 
Up cbe00330 Arginine and proline metabolism 0.001045 0.032895 11 (1.67) 
Down NS     
 
 a
 Significant groups were selected based upon Benjamini (<0.05)  
 b









Figure 4.4 Comparison of expression pattern of the genes related to efflux system after ferulic acid 




4.4.4 Heat Shock Protein and Oxidoreductase Activity Caused by Ferulic Acid  
Transcription levels were found to be more fluctuated in C. beijerinckii NCIMB 8052 
exposed to ferulic acid for 4 hours, with more number of genes differentially expressed, in 
comparison with 10 minutes exposure. At this point, both cultures with and without ferulic acid were 
in acidogenic phase producing acetic acid and butyric acid, and their amounts inside the culture were 
similar. In addition, pH in the culture supplemented with ferulic acid was almost identical to that in 
the control culture. Therefore, it was assumed that the change of gene expression level was caused 
only from the change triggered by ferulic acid.  
Through the analysis of the samples taken at this time point, it was found that the genes 
related with flagella activity were down-regulated and identified in GO term (GO:0019861) and 
KEGG pathway (cbe02040) analysis (Table 4.4 and Figure 4.5). Another GO term identified whose 
members were repressed was chemotaxis (GO:0006935) (Table 4.4). Several genes involved in two 
component sensor activity according to the GO term (GO:0000155) also showed the negative change 
in their expression level although the value of Benjamini in GO term analysis was not significant 
(p<0.05) (but with significant p value). It has been known that Chemotaxis directs the flagella motion 
thereby controlling the swimming pattern
185
, and that quorum sensing activates the genes related with 
the expression and assembly of flagella, motility and chemotaxis.
186
 As described, the genes involved 
in those three groups identified in this study interact together in order to recognize the change in 
environment where the cell survives and adapts to new conditional situation. Furfural, another 
inhibitor derived from lignocellulosic biomass, showed the toxicity to C. beijerinckii NCIMB 8052 by 
repressing the genes coding two-component signal transduction system and flagellar proteins causing 
deficient adaption machinery.
175
 Furthermore, quorum sensing inhibition by p-coumaric acid, having 
similar structure with ferulic acid, has been reported within several bacteria, including E. coli and P. 
putida.
187
 Consequently, it seems that ferulic acid inside the culture inhibited the expression of the 
genes related to this quorum sensing and mobility, causing the failure of C. beijerinckii NCIMB 8052 
to adapt to the environment containing the toxic compound. 
Another group of genes that showed significant change after 4 hour exposure was heat shock 
protein (HSPs) coding genes. HSPs expression has been known as general stress response to various 
environmental stresses, such as temperature or toxic solvent
97b, 188
, for bacteria in order to survive by 
maintaining proteins at proper status. Of the several classes of heat shock stimulon known, Class I and 
III heat shock protein coding genes were highly up-regulated in response to ferulic acid stress (Figure 
4.6). Class I heat shock genes, including dnaK and groE operons, are molecular chaperones and Class 
III composed of clpC operon is ATP-dependent proteases, and both classes are regulated by repressor, 
HrcA and CtsR, respectively.
189
 Actually, clpC operon has not been clearly elucidated in C. 
beijerinckii NCIMB 8052 yet. However, Cbei_0120-Cbei_0123 were found to be orthologous genes 
of the genes within clpC operon of C. acetobutylicum
190
, and those genes were observed as co-operon
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Table 4.4 GO term and KEGG pathway identified showing significant changes as the short-term 
responses of C. beijerinckii to 0.5 g/L of ferulic acid.  C. beijerinckii cultures were exposed to ferulic 
acid for 4 h and sampled when OD was 1.4 
 
GO terms 
 Category GO ID GO term P-value Benjaminia Count (%) 
Up MF GO:0048037 Cofactor binding 5.14E-05 0.010254 47 (7.00) 
 MF GO:0016163 Nitrogenase activity 4.47E-04 0.043835 8 (1.19) 
Down CC GO:0019861 Flagellum 1.14E-08 4.20E-07 19 (2.86) 
 MF GO:0017076 Purine nucleotide binding 2.41E-04 0.012916 95 (14.31) 
 BP GO:0006935 Chemotaxis 0.001421 0.031641 22 (3.31) 
 BP GO:0006812 Cation transport 4.09E-04 0.015019 20 (3.01) 
 BP GO:0016310 Phosphorylation 0.001125 0.026592 28 (4.22) 
 BP GO:0009309 Amine biosynthetic process 0.002343 0.044441 25 (3.77) 
 
KEGG pathway 
 KEGG ID Pathway definition P-value Benjamini Count (%) 
Up cbe02010 ABC transporters 1.44E-07 9.47E-06 51 (7.60) 
 cbe00450 Selenoamino acid metabolism 1.37E-05 4.52E-04 11 (1.64) 
 cbe00230 Purine metabolism 1.55E-04 0.002553 23 (3.42) 
 cbe00910 Nitrogen metabolism 1.34E-04 0.002952 15 (2.24) 
 cbe00920 Sulfur metabolism 2.32E-04 0.003053 9 (1.34) 
 cbe00330 Arginine and proline metabolism 0.003208 0.034729 13 (1.94) 
Down cbe00400 
Phenylalanine, tyrosine and tryptophan 
biosynthesis 
1.94E-11 1.01E-09 17 (2.56) 
 cbe02040 Flagellar assembly 2.81E-10 7.30E-09 19 (2.86) 
 
 a
 Significant groups were selected based upon Benjamini (<0.05)  
 b





















Figure 4.5 Comparison of expression pattern of the genes related to two component system, including 
flagellar assembly and chemotaxis, after ferulic acid exposure. The genes were shown to be repressed, 





with Cbei_0120, coding transcriptional repressor, ctsR.
182
 These genes were induced by ferulic acid 
stress. In several previous studies, higher expression of clpC operon by phenolic acids was also shown 
within L. plantarum and B. subtilis exposed to p-coumaric acid and salicylic acid, respectively.
191
 
Moreover, clpB gene, one of the genes within the operon of E. coli BL21, was induced when the 
culture was exposed to ferulic acid at concentration more than 0.25 g/L (Figure 2.2, Chapter 2). 
However, in response to ferulic acid, molecular chaperones were more strongly up-regulated than 
ATP-dependent proteases. All six genes within Class I HSPs, Cbei_0328-Cbei_0329 and Cbei_0828-
Cbei_0831, showed significant high expression with more than 4-fold induction, and dnaK 
(Cbei_0828-Cbei_0831) operon showed even more than 20-fold induction, compared to control 
culture without ferulic acid (Table 4.8). They were also induced when C. beijerinckii NCIMB 8052 
and C. thermocellum ATCC 27405 were exposed to furfural, although furfural is not a phenolic 
compound.  
The other HSPs shown in Figure 4.6 were not differentially changed (<1.5-fold) at this time 
point, including Cbei_4123 and Cbei_4160. Recently, hsp90 in C. acetobutylicum has been known to 
have HrcA-regulated promoter, unlike B. subtilis
180
, by which it seemed to be up-regulated along with 
induction of other Class I genes responding to several stresses. In this study, however, Cbei_4160, 
annotated as hsp90, did not show the change in its expression level while two operons governed by 
HrcA were significantly induced as stated above. As the similar manner, the mild expression of 
Cbei_4123, a small HSP identified in C. beijerinckii NCIMB 8052
192
, was not in accordance with 
induction of CtsR regulated clpC operon, although the promoter of small HSP of C. acetobutylicum 
has the conserved CtsR operator region
97b
. These different expression patterns observed in this study 
need to be further studied.  
In the analysis at this time point, it was nitrogenase related genes that the most significant 
change was shown as the ferulic acid stress response from C. beijerinckii NCIMB 8052, which was 
identified as nitrogenase activity (GO:0016163) or oxidoreductase activity (GO:0016732) in GO term 
(Table 4.4). Since these activities require Fe-S protein, the genes encoding the Fe-S cluster were also 
expressed at highly increased level, especially, the operon containing Cbei_1848-Cbei_1852 (Figure 
4.7). Although it was previously reported that nitrogen fixation genes were induced by acetate stress 
in C. acetobutylicum, it was not sufficient to explain the finding.
193
 Nevertheless, it is assumed that 
ferulic acid acted as uncoupler, like acetic acid, and affected redox balance, thereby inducing 
nitrogenase expression as the oxidoreductase to counteract. It is supported as well with that the 
several genes involved in electron transport were shown to be differentially expressed (Figure 4.7). 
Redox genes were also found to be important for C. beijerinckii exposed to furfural.
175
 However, the 








Figure 4.6. Comparison of expression pattern of the genes encoding heat shock protein after ferulic 
acid exposure. The genes for ATP-dependent protease and molecular chaperone all were induced, 
except for hsp90 and hsp20. 
 
 
       
 
Figure 4.7. Comparison of expression pattern of the genes involved in redox reaction after ferulic acid 
exposure. The genes for Fe-S assembly and electron transport were also up-regulated, along with 




In addition, several KEGG pathways were up-regulated including ABC transporters, purine 
metabolism and sulfur metabolism (Table 4.4). Increased expression of ABC transporters (cbe02010) 
seems to be physiological adaptation to ferulic acid stressed environment. Among them, sulfate 
transporter genes (Cbei_4190-Cbei_4194) were highly up-regulated, probably due to existence of 
sulfates within P2 medium. According to the previous study, sulfate assimilation was significantly 
down-regulated when E. coli culture was exposed to ferulic acid (Table 2.2, Chapter 2). Therefore, it 
is hypothesized that C. beijerinckii first experienced sulfur limitation, and then expressed those 
transporter genes to make up for it. Elevated sulfate level inside the cell would also increase sulfur 
metabolism (cbe00920). Purine metabolism (cbe00230) suggests that more nucleotides, probably 
more adenosine, were demanded to meet the increased ATP expenses, such as ABC transporter. 
Induction of ABC transporter related genes was previously shown in furfural challenged C. 




4.4.5 DNA Protection in Sporulation after Ferulic Acid Exposure for Long Term 
The change in gene expression level was observed after C. beijerinckii NCIMB 8052 was 
cultured with ferulic acid for a long time. Several studies have been reported on the transcriptional 
analysis of fermentative bacterial strains exposed to inhibitory compounds derived from the 
lignocellulosic biomass, where the exposure time was only from 10 minutes to 3 hour.
173, 175, 194
 
Therefore, it is needed to investigate how long-term exposure of culture to compounds affects the 
physiological status as well as solvent production of the cell. At 9.5 to 12.5 hour post shock, the status 
of both cultures with and without ferulic acid was similar, such as, OD at 600nm, pH and the ABE or 
acid concentration. However, it should be noted that the effects might be less than the previous studies 
since the compound concentration per cell decreased during the cell growth.  
One GO term identified in this test was DNA topological change (GO:0006265), where the 
gene expression was significantly up-regulated, showing more than 4-fold induction for six genes of 
them (Table 4.5 and 4.10). The genes involved in this group were α/β-type small, acid-soluble spore 
protein (SASP) which plays a key role in DNA protection in spore with Ca
2+
-dipicolinic acid in spore-
forming gram positive bacteria.
195
 This protein, as DNA binding protein, interacts with DNA and 
makes complex, which functions to defend spore from the physical stresses, such as UV-radiation, 
hydrogen peroxide or heat, in spore-forming gram positive bacteria.
196
 Higher expression of the genes 
coding α/β-type SASP in the culture with ferulic acid can be interpreted that sporulation was initiated 
faster than in the control culture since they are expressed only in the developing spore, late in 
sporulation.
197
 Solventogenic clostridia, such as C. acetobutylicum ATCC 824, have been known to 
initiate the sporulation along with the onset of solventogenesis, but the supplementation of ferulic acid 
triggered fast sporulation. It is also proved by that the genes encoding cortex and coat formation 
protein, which are expressed in the late stage during the sporulation cycle, were induced at this time 
126 
 
Table 4.5 GO term and KEGG pathway identified showing significant changes as the instant 
responses of C. beijerinckii to 0.5 g/L of ferulic acid.  C. beijerinckii cultures were exposed to ferulic 
acid for 9 to 12 h and sampled when OD was 5. 
 
GO term 
 Category GO ID GO term P-value Benjaminia Count (%) 
Up BP GO:0006265 DNA topological change 4.12E-06 0.001401 11 (1.65) 
Down NSb      
 
KEGG pathway 
 KEGG ID Pathway definition P-value Benjamini Count (%) 
Up cbe02010 ABC transporters 1.07E-05 6.09E-04 33 (4.96) 
 cbe00330 Arginine and proline metabolism 6.08E-04 0.017173 11 (1.65) 
Down NS     
 
 a
 Significant groups were selected based upon Benjamini (<0.05)  
 b






Figure 4.8 Comparison of expression pattern of the genes involved in the protection of DNA during 
the sporulation after ferulic acid exposure. It is suggested that sporulation was accelerated by ferulic 




point (Figure 4.8). The inhibitory compounds generated from the woody biomass, such as 
syringaldehye or furfural, were also shown to affect the sporulation of clostridia.
9b, 194
 Moreover, C. 
beijerinckii NCIMB would protect DNA damage caused from ferulic acid by producing considerable 
amount of SASP, as other species did to survive within toxic chemicals.
198
  
In this analysis, several KEGG pathways up-regulated were also identified, including ABC 
transporters (cbe02010) and arginine and proline metabolism (cbe00330) (Table 4.5). Induced 
expression of the genes involved in ABC transporters are considered as the similar phenomenon 
shown in section 4.4.4. At this time point, no significant group, where the genes were repressed, was 
observed.  
 
4.4.6 Enhancement of Tolerance of C. beijerinckii to Ferulic Acid  
4.4.6.1 Construction of Novel Tolerant C. beijerinckii Strain 
 Based upon the analysis, C. beijerinckii was constructed to be tolerant to ferulic acid by 
overexpressing groE operon genes, one of the highly up-regulated genes under ferulic acid stress 
(Figure 4.6). Overexpression of HSPs has been widely used to relieve several stresses, such as heat or 
toxic solvent.
188a, 199
 Also, several groups recently reported to improve the tolerance to one or multiple 
alcohols by overexpressing HSPs.
200
 Prior to insertion of groESL gene, plasmid pSA12, E. coli-
Clostridium shuttle vector
183
, was reconstructed with pDEWMCS, giving pSAAT, to possess 
ampicillin resistance gene and transcription termination. The promoter of ptb gene was also added to 
be activated and express downstream gene inside C. beijerinckii during the growth, and this final 
shuttle vector was named as pSAAT-ptb (Figure 4.9). The groESL gene was amplified from genomic 
DNA of C. acetobutylicum ATCC 824 and inserted between ptb promoter and terminator, which is 
pSAAT-ptb_Gro. The construction of plasmid was finally confirmed by PCR, and then transformed 
into C. beijerinckii NCIMB 8052. 
 
4.4.6.2 Enhancement of Butanol Production from C. beijerinckii/pSAAT-ptb_Gro 
To know the effects of overexpressing groESL on C. beijerinckii, growth and solvent 
production of the recombinant strain harboring pSAAT-ptb_Gro were monitored in the absence or 
presence of ferulic acid. As shown in Figure 4.10a, the growth of the recombinant strain, labeled as 
‘Gro’ in the figure, was inhibited by ferulic acid as wild type was. Moreover, the growth rate and the 
maximum optical density were lower than those of wild type strain (Figure 4.1), even in the absence 
of ferulic acid, which was also shown within C. acetobutylicum, previously.
180
 It can be attributed to 
the larger amount of GroES and GroEL proteins within the recombinant strain, since they require 
ATP to work for protein refolding.
201
 Therefore, RT-qPCR analysis was performed using the RNA 
prepared from two different sampling points, indicated by arrow in the figure, to confirm the 





Figure 4.9 Construction of pSAAT-ptb_Gro. The final product was designed to express groES/groEL 
under ptb promoter within the shuttle vector having two origin and antibiotic resistances for E. coli 
and Clostridium. The plasmids are shown with directions of the relevant genes and restriction sites.  
129 
 
As shown in Figure 4.11a, the higher expression for both groES and groEL was observed 
within C. beijerinckii/pSAAT-ptb_Gro (‘Gro’) at each state by comparing the expression levels, 
which were normalized with that of 16s rRNA, finally giving 2.5- to 5-fold increase (Figure 4.11b). 
Even though the relative expression level of the genes were higher for the second sampling point, the 
greater increased ratio was obtained from the first point, which would be explained by the stronger 
activation of ptb promoter during acidogenesis of C. beijerinckii.  
Solvent produced by the recombinant strain was also analyzed and compared with those from 
the fermentation by wild type strain (Figure 4.10b). The recombinant strain produced almost identical 
level of butanol, but showed more acetone production, finally giving the higher amount of total ABE 
production than the wild type culture when both strains were cultured without the addition of ferulic 
acid. In the previous study, the overexpression of groESL under thl promoter inside C. acetobutylicum 
improved both butanol and acetone production.
180
 This different result seemed to be shown due to the 
different promoter for groESL expression on the plasmid, because activation of thl promoter lasts 
through the whole metabolism whereas ptb promoter is activated primarily during the acidogenic 
phase. Nevertheless, the enhancement of butanol production by overexpression of groESL was shown 
when the culture was challenged to ferulic acid stress. Although the butanol production level within 
the recombinant strain exposed to ferulic acid at 0.5 g/L was still lower than wild type culture without 
ferulic acid, it was increased from 6.07 g/L to 6.98 g/L when compared with wild type strain exposed 
ferulic acid (Figure 4.10b). The enzymes involved in the butanol formation, such as butyraldehyde- or 
butanol-dehydrogenase, may be stabilized by the increased GroES and GroEL under ferulic acid 























Figure 4.10 Effects of ferulic acid on the growth (A) and solvent production (B) of recombinant strain 
of C. beijerinckii. For RT-qPCR analysis, the cells were sampled at two points indicated arrows. And 
the final products from fermentation by the recombinant strain were compared with those from wild 















Figure 4.11 Expression levels of groES and groEL within wild type and recombinant strain of C. 
beijerinckii. The gene expression was shown as the relative expression level which were normalized 
using 16s rRNA gene at each point (A) and increased ratio for the recombinant strain (B) calculated 










Table 4.6 Genes up-regulated showing 4-fold or higher when C. beijerinckii NCIMB 8052 cultures 
exposed to ferulic acid at 0.5 g/L reached OD 0.3. (p<0.1) 
 
Gene symbol Gene name Fold-change P-value 
Cbei_0348 transcriptional regulator, MarR family 9.23 0.014 
Cbei_0349 nitrogen-fixing NifU domain protein 55.38 0.013 
Cbei_0350 methyl-accepting chemotaxis sensory transducer 60.34 0.023 
Cbei_0387 Spore coat protein CotS 4.16 0.019 
Cbei_0596 transcriptional regulator, DeoR family 6.30 0.026 
Cbei_0707 major facilitator superfamily MFS_1 13.16 0.019 
Cbei_0792 quinolinate synthetase complex, A subunit 4.85 0.001 
Cbei_1842 transcriptional regulator, DeoR family 5.52 0.047 
Cbei_1843 1-phosphofructokinase 9.25 0.039 
Cbei_1844 PTS system, fructose subfamily, IIC subunit 8.73 0.046 
Cbei_1927 NADH:flavin oxidoreductase/NADH oxidase 10.47 0.013 
Cbei_2055 NADPH-dependent FMN reductase 84.01 0.005 
Cbei_2056 flavocytochrome c 115.15 0.021 
Cbei_2057 protein of unknown function DUF1304 4.62 0.011 
Cbei_2158 Rubredoxin-type Fe(Cys)4 protein 8.81 0.021 
Cbei_2522 ribonucleoside-triphosphate reductase, 4.64 0.042 
Cbei_2870 Substrate-binding region of ABC-type glycine 15.35 0.003 
Cbei_2871 glycine betaine/L-proline ABC transporter, 14.73 0.012 
Cbei_3130 regulatory protein GntR, HTH 5.77 0.010 
Cbei_3298 putative galactoside ABC transporter 6.59 0.026 
Cbei_3299 ABC transporter related 9.25 0.003 
Cbei_3300 ABC transporter related 9.03 0.009 
Cbei_3301 transcriptional regulator, MarR family 5.44 0.000 
Cbei_3317 major facilitator superfamily MFS_1 7.11 0.007 
Cbei_3339 conserved hypothetical protein 4.71 0.042 
Cbei_3340 hypothetical protein 4.19 0.009 
Cbei_3477 conserved hypothetical protein 4.05 0.079 
Cbei_3892 conserved uncharacterized protein 5.68 0.009 
Cbei_3893 transcriptional regulator, MarR family 6.07 0.008 
Cbei_4084 mannonate dehydratase 5.31 0.056 
Cbei_4101 secretion protein HlyD family protein 6.30 0.021 
Cbei_4403 hypothetical protein 4.32 0.045 
Cbei_4521 ornithine carbamoyltransferase 4.86 0.006 
Cbei_4584 ABC transporter related 4.78 0.034 
Cbei_4923 transcriptional regulator, MarR family 16.07 0.005 
Cbei_4924 major facilitator superfamily MFS_1 49.26 0.023 







Table 4.7 Genes down-regulated showing 4-fold or higher when C. beijerinckii NCIMB 8052 cultures 
exposed to ferulic acid at 0.5 g/L reached OD 0.3. (p<0.1) 
 
Gene symbol Gene name Fold-change P-value 
Cbei_0236 efflux transporter, RND family, MFP subunit -6.63 0.013 
Cbei_0237 ABC transporter related -6.47 0.007 
Cbei_0238 protein of unknown function DUF214 -9.00 0.008 
Cbei_0239 Cystathionine gamma-synthase -7.99 0.020 
Cbei_0240 Cystathionine gamma-synthase -4.71 0.001 
Cbei_0590 integral membrane sensor signal transduction -4.71 0.033 
Cbei_0591 glycoside hydrolase, family 25 -4.27 0.073 
Cbei_0760 membrane spanning protein -4.83 0.005 
Cbei_1445 protein of unknown function DUF1002 -5.50 0.040 
Cbei_1517 uncharacterized membrane protein, putative -4.50 0.049 
Cbei_1760 MATE efflux family protein -4.73 0.034 
Cbei_1888 GRound-like protein -8.45 0.001 
Cbei_2115 DNA mismatch repair protein MutS domain protein -4.93 0.007 
Cbei_2558 hypothetical protein -4.30 0.016 
Cbei_2947 UvrD/REP helicase -4.75 0.008 
Cbei_3063 protein of unknown function DUF156 -5.70 0.000 
Cbei_3064 heavy metal translocating P-type ATPase -4.71 0.012 
Cbei_3354 NADPH-dependent FMN reductase -4.39 0.003 
Cbei_3760 ABC transporter related -8.09 0.016 
Cbei_3761 transport system permease protein -4.09 0.048 
Cbei_3801 formate dehydrogenase, alpha subunit -6.94 0.005 
Cbei_3906 nitroreductase -4.31 0.041 
Cbei_3910 transcriptional regulator, RpiR family -4.31 0.046 
Cbei_3911 hypothetical protein -4.72 0.034 
Cbei_3912 VanZ family protein -6.43 0.047 
Cbei_4194 sulfate ABC transporter, periplasmic -7.13 0.025 
Cbei_4202 Abortive infection protein -4.88 0.008 
Cbei_4367 DNA ligase-like protein -4.66 0.005 
Cbei_4790 hypothetical protein -5.98 0.075 












Table 4.8 Genes up-regulated showing 4-fold or higher when C. beijerinckii NCIMB 8052 cultures 
exposed to ferulic acid at 0.5 g/L reached OD 1.4. (p<0.1) 
 
Gene symbol Gene name Fold-change P-value 
Cbei_0017 histidine kinase 4.20 0.003 
Cbei_0049 MATE efflux family protein 7.19 0.018 
Cbei_0055 methionyl-tRNA synthetase 8.84 0.065 
Cbei_0056 hydrolase, TatD family 4.24 0.085 
Cbei_0120 transcriptional repressor, CtsR 4.29 0.008 
Cbei_0239 Cystathionine gamma-synthase 15.40 0.005 
Cbei_0240 Cystathionine gamma-synthase 12.35 0.017 
Cbei_0256 4'-phosphopantetheinyl transferase 4.77 0.073 
Cbei_0328 chaperonin Cpn10 6.81 0.006 
Cbei_0329 chaperonin GroEL 11.28 0.010 
Cbei_0330 Type II secretory pathway pseudopilin PulG-like 6.06 0.100 
Cbei_0331 inosine-5'-monophosphate dehydrogenase 4.17 0.046 
Cbei_0343 Two component regulator three Y domain protein 4.26 0.050 
Cbei_0349 nitrogen-fixing NifU domain protein 5.62 0.001 
Cbei_0596 transcriptional regulator, DeoR family 5.29 0.089 
Cbei_0604 NMT1/THI5-like protein 41.90 0.042 
Cbei_0605 binding-protein-dependent transport systems 55.96 0.027 
Cbei_0606 ABC transporter related 90.10 0.009 
Cbei_0607 heavy metal translocating P-type ATPase 39.76 0.046 
Cbei_0608 heavy metal transport/detoxification protein 7.63 0.068 
Cbei_0609 O-acetylhomoserine/O-acetylserine sulfhydrylase 92.22 0.017 
Cbei_0610 ABC transporter related 44.79 0.034 
Cbei_0611 ABC-type nitrate/sulfonate/bicarbonate transport 141.84 0.008 
Cbei_0612 Nitrogenase 31.39 0.047 
Cbei_0613 Nitrogenase 107.70 0.042 
Cbei_0614 binding-protein-dependent transport systems 22.95 0.030 
Cbei_0615 binding-protein-dependent transport systems 68.94 0.036 
Cbei_0617 binding-protein-dependent transport systems 29.22 0.060 
Cbei_0618 binding-protein-dependent transport systems 22.95 0.015 
Cbei_0620 Nitrogenase 30.81 0.011 
Cbei_0621 Nitrogenase 52.64 0.011 
Cbei_0622 Cysteine synthase 52.30 0.001 
Cbei_0623 nitrogenase iron protein 59.82 0.011 
Cbei_0624 ABC transporter related 53.13 0.018 
Cbei_0625 binding-protein-dependent transport systems 61.59 0.015 
Cbei_0626 NLPA lipoprotein 28.97 0.006 
Cbei_0627 Dinitrogenase iron-molybdenum cofactor 65.19 0.026 
Cbei_0628 Radical SAM domain protein 60.90 0.009 
Cbei_0629 Cystathionine gamma-synthase 42.44 0.029 
Cbei_0630 Pyridoxal-5'-phosphate-dependent protein, beta 42.57 0.046 





Table 4.8 (continued) 
 
Gene symbol Gene name Fold-change P-value 
Cbei_0632 Nitrogenase 204.97 0.037 
Cbei_0657 Methyltransferase type 11 5.47 0.084 
Cbei_0766 O-acetylhomoserine/O-acetylserine sulfhydrylase 42.86 0.018 
Cbei_0812 anti-sigma-factor antagonist 5.24 0.077 
Cbei_0813 putative anti-sigma regulatory factor, 6.43 0.065 
Cbei_0814 RNA polymerase, sigma 28 subunit, FliA/WhiG 6.56 0.059 
Cbei_0815 Sporulation stage V, protein AC 4.20 0.024 
Cbei_0828 heat-inducible transcription repressor HrcA 23.33 0.037 
Cbei_0829 GrpE protein 24.25 0.041 
Cbei_0830 chaperone protein DnaK 15.20 0.011 
Cbei_0831 chaperone protein DnaJ 15.70 0.001 
Cbei_1119 peptidase U4, sporulation factor SpoIIGA 7.54 0.094 
Cbei_1431 seryl-tRNA synthetase 8.56 0.061 
Cbei_1474 branched-chain amino acid transport system II 5.67 0.054 
Cbei_1764 inner-membrane translocator 10.76 0.089 
Cbei_1765 ABC transporter related 9.74 0.092 
Cbei_1767 Extracellular ligand-binding receptor 7.84 0.063 
Cbei_1848 FeS assembly ATPase SufC 6.15 0.024 
Cbei_1849 FeS assembly protein SufB 14.81 0.033 
Cbei_1850 FeS assembly protein SufD 16.78 0.026 
Cbei_1851 cysteine desulfurase, SufS subfamily 19.89 0.067 
Cbei_1852 SUF system FeS assembly protein, NifU family 23.47 0.030 
Cbei_1977 diaminopropionate ammonia-lyase 4.00 0.086 
Cbei_1987 regulatory protein, LysR 4.19 0.026 
Cbei_2055 NADPH-dependent FMN reductase 12.65 0.008 
Cbei_2056 flavocytochrome c 9.13 0.001 
Cbei_2126 aspartyl-tRNA synthetase 5.83 0.055 
Cbei_2155 hypothetical protein 5.95 0.080 
Cbei_2594 conserved hypothetical protein 4.15 0.040 
Cbei_2595 hypothetical protein 4.34 0.008 
Cbei_2608 aspartate 1-decarboxylase 8.27 0.049 
Cbei_2609 pantoate--beta-alanine ligase 9.86 0.030 
Cbei_2610 3-methyl-2-oxobutanoate 12.17 0.006 
Cbei_2611 conserved hypothetical protein 10.65 0.016 
Cbei_2654 3-oxoacid CoA-transferase, A subunit 4.45 0.023 
Cbei_3543 O-acetylhomoserine 32.14 0.024 
Cbei_3544 4Fe-4S ferredoxin, iron-sulfur binding domain 28.79 0.072 
Cbei_3709 cobalt/cobalamin transport protein CbiN 4.17 0.030 
Cbei_3710 cobalamin biosynthesis protein CbiM 4.06 0.040 
Cbei_3712 cobalt ABC transporter, inner membrane subunit 5.18 0.002 
Cbei_3948 nitroreductase 4.15 0.041 
Cbei_3981 extracellular solute-binding protein, family 5 5.34 0.020 





Table 4.8 (continued) 
 
Gene symbol Gene name Fold-change P-value 
Cbei_4524 NADPH-dependent FMN reductase 4.01 0.025 
Cbei_4578 Accessory gene regulator B 4.40 0.053 
Cbei_4583 hypothetical protein 20.24 0.079 
Cbei_4584 ABC transporter related 39.98 0.042 
Cbei_4587 hypothetical protein 20.92 0.070 
Cbei_4769 hypothetical protein 4.87 0.065 
Cbei_4798 PfkB domain protein 68.53 0.004 
Cbei_4799 sugar isomerase (SIS) 36.57 0.014 
Cbei_4800 extracellular solute-binding protein, family 3 22.01 0.001 
Cbei_4926 uncharacterised conserved protein UCP033563 6.13 0.064 
Cbei_4927 D-isomer specific 2-hydroxyacid dehydrogenase, 5.82 0.048 
Cbei_5014 hypothetical protein 4.28 0.000 
Cbei_5015 StbA family protein 16.09 0.001 
Cbei_5043 inner-membrane translocator 4.09 0.020 






Table 4.9 Genes down-regulated showing 4-fold or higher when C. beijerinckii NCIMB 8052 cultures 
exposed to ferulic acid at 0.5 g/L reached OD 1.4. (p<0.1) 
 
Gene symbol Gene name Fold-change P-value 
Cbei_1455 putative cell wall binding repeat-containing -6.34 0.061 
Cbei_1456 peptidase S8 and S53, subtilisin, kexin, -4.44 0.060 
Cbei_1826 RNA polymerase, sigma 28 subunit, FliA/WhiG -4.92 0.007 
Cbei_1827 hypothetical protein -4.02 0.033 
Cbei_1828 homocysteine S-methyltransferase -6.02 0.007 
Cbei_1829 Phosphoglycerate mutase -5.49 0.054 
Cbei_2411 conserved hypothetical protein -5.90 0.081 
Cbei_2725 response regulator receiver sensor signal -4.44 0.049 
Cbei_2726 response regulator receiver protein -4.40 0.034 
Cbei_2727 putative signal transduction protein -4.79 0.040 
Cbei_3286 hypothetical protein -10.55 0.094 
Cbei_3472 oxidoreductase FAD/NAD(P)-binding domain -4.08 0.073 
Cbei_4197 FeoA family protein -4.80 0.027 
Cbei_4696 putative cell wall binding repeat-containing -4.77 0.071 
Cbei_4698 cell wall hydrolase/autolysin -8.40 0.069 
Cbei_4718 putative cell wall binding repeat-containing -17.60 0.082 
Cbei_4719 putative cell wall binding repeat-containing -4.42 0.052 
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Table 4.10 Genes up-regulated showing 4-fold or higher when C. beijerinckii NCIMB 8052 cultures 
exposed to ferulic acid at 0.5 g/L reached OD 5. (p<0.1) The p-values for several genes were showed 
as non-significant, which is attributed to small number of samples to be compared due to duplicate 
experiment for this point. The genes were selected, in this case, that showed 4-fold or more change in 
both cases and in average result. 
 
Gene symbol Gene name Fold-change P-value 
Cbei_0349 nitrogen-fixing NifU domain protein 7.64 0.010 
Cbei_0620 Nitrogenase 7.78 0.018 
Cbei_0621 Nitrogenase 5.12 0.122 
Cbei_0622 Cysteine synthase 13.70 0.232 
Cbei_0625 binding-protein-dependent transport systems 5.67 0.072 
Cbei_0628 Radical SAM domain protein 4.77 0.087 
Cbei_0631 Nitrogenase 5.98 0.003 
Cbei_0632 Nitrogenase 4.76 0.133 
Cbei_0641 hypothetical protein 4.74 0.175 
Cbei_0816 Stage V sporulation AD family protein 4.28 0.246 
Cbei_0869 short-chain dehydrogenase/reductase SDR 5.10 0.274 
Cbei_0889 hypothetical protein 4.02 0.022 
Cbei_0991 hypothetical protein 6.94 0.196 
Cbei_0993 Delta-lactam-biosynthetic de-N-acetylase 4.15 0.116 
Cbei_1127 phosphate binding protein 4.80 0.036 
Cbei_1333 conserved hypothetical protein 9.87 0.035 
Cbei_1447 small acid-soluble spore protein, alpha/beta 6.95 0.246 
Cbei_1472 nitroreductase family protein 6.46 0.185 
Cbei_1617 conserved hypothetical protein 11.47 0.121 
Cbei_1619 conserved hypothetical protein 9.57 0.059 
Cbei_1620 hypothetical protein 9.06 0.026 
Cbei_1621 RecT protein 5.04 0.091 
Cbei_1622 beta-lactamase domain protein 13.30 0.015 
Cbei_1623 primosome, DnaD subunit 7.67 0.013 
Cbei_1624 hypothetical protein 10.96 0.015 
Cbei_1625 hypothetical protein 7.04 0.040 
Cbei_1626 protein of unknown function DUF1064 9.39 0.050 
Cbei_1627 conserved hypothetical protein 5.73 0.314 
Cbei_1628 hypothetical protein 6.00 0.110 
Cbei_1632 DNA methylase N-4/N-6 domain protein 4.82 0.007 
Cbei_1638 hypothetical protein 10.45 0.026 
Cbei_1639 hypothetical protein 4.89 0.074 
Cbei_1641 hypothetical protein 12.60 0.014 
Cbei_1642 hypothetical protein 21.90 0.031 
Cbei_1644 hypothetical protein 15.45 0.081 
Cbei_1645 hypothetical protein 17.47 0.048 





Table 4.10 (continued) 
 
Gene symbol Gene name Fold-change P-value 
Cbei_1648 hypothetical protein 6.71 0.049 
Cbei_1649 Phage XkdN-like protein 19.09 0.103 
Cbei_1650 phage tail tape measure protein, TP901 family 12.22 0.048 
Cbei_1651 hypothetical protein 6.54 0.123 
Cbei_1653 hypothetical protein 19.83 0.028 
Cbei_1656 Baseplate J family protein 8.13 0.037 
Cbei_1657 hypothetical protein 11.13 0.084 
Cbei_1659 hypothetical protein 5.19 0.142 
Cbei_1663 Ig domain protein, group 2 domain protein 4.60 0.093 
Cbei_1664 conserved hypothetical protein 5.76 0.081 
Cbei_1916 protein of unknown function DUF541 4.90 0.071 
Cbei_2055 NADPH-dependent FMN reductase 15.57 0.024 
Cbei_2056 flavocytochrome c 7.39 0.013 
Cbei_2470 small acid-soluble spore protein, alpha/beta 4.25 0.105 
Cbei_2522 ribonucleoside-triphosphate reductase, 5.54 0.052 
Cbei_2598 amine oxidase 4.30 0.192 
Cbei_2599 cysteine desulfurase family protein 4.14 0.132 
Cbei_3080 small acid-soluble spore protein, alpha/beta 5.32 0.304 
Cbei_3111 small acid-soluble spore protein, alpha/beta 8.76 0.259 
Cbei_3250 small acid-soluble spore protein, alpha/beta 5.07 0.105 
Cbei_3264 small acid-soluble spore protein, alpha/beta 7.35 0.245 
Cbei_3385 conserved hypothetical protein 4.27 0.099 
Cbei_3386 putative periplasmic ligand-binding sensor 15.49 0.147 
Cbei_3388 putative tail fiber-related protein 9.10 0.148 
Cbei_3389 hypothetical protein 5.77 0.179 
Cbei_3390 Baseplate J family protein 6.18 0.139 
Cbei_3391 hypothetical protein 6.51 0.102 
Cbei_3392 hypothetical protein 9.68 0.149 
Cbei_3393 phage-like element pbsx protein XkdQ 16.86 0.155 
Cbei_3394 hypothetical protein 10.90 0.020 
Cbei_3395 Phage-related protein 15.05 0.074 
Cbei_3396 Phage XkdN-like protein 11.72 0.043 
Cbei_3397 phage-like element pbsx protein XkdM 16.93 0.101 
Cbei_3398 phage-like element pbsx protein XkdK 11.42 0.044 
Cbei_3399 hypothetical protein 10.22 0.005 
Cbei_3401 hypothetical protein 7.13 0.002 
Cbei_3544 4Fe-4S ferredoxin, iron-sulfur binding domain 4.35 0.068 
Cbei_3732 AAA ATPase 4.55 0.093 
Cbei_3733 hypothetical protein 4.49 0.083 
Cbei_3734 hypothetical protein 4.77 0.005 
Cbei_3735 transcriptional regulator, XRE family 7.23 0.124 
Cbei_3739 metallophosphoesterase 4.81 0.081 





Table 4.10 (continued) 
 
Gene symbol Gene name Fold-change P-value 
Cbei_4611 hypothetical protein 8.66 0.265 
Cbei_4612 Coat F domain protein 5.67 0.282 
Cbei_4613 hypothetical protein 13.17 0.115 
Cbei_4614 Coat F domain protein 5.76 0.077 
Cbei_4767 hypothetical protein 17.57 0.236 
Cbei_4768 hypothetical protein 25.65 0.267 
Cbei_4769 hypothetical protein 16.65 0.268 
Cbei_4770 hypothetical protein 18.05 0.229 












Table 4.11 Genes down-regulated showing 4-fold or higher when C. beijerinckii NCIMB 8052 
cultures exposed to ferulic acid at 0.5 g/L reached OD 5. (p<0.1) The p-values for several genes were 
showed as non-significant, which is attributed to small number of samples to be compared due to 
duplicate experiment for this point. The genes were selected, in this case, that showed 4-fold or more 
change in both cases and in average result. 
 
Gene symbol Gene name Fold-change P-value 
Cbei_0232 binding-protein-dependent transport systems -4.30 0.143 
Cbei_3336 drug resistance transporter, EmrB/QacA -7.47 0.319 
Cbei_3972 amino acid permease-associated region -4.20 0.103 










This study investigated the transcriptional responses from C. beijerinckii NCIMB 8052 under 
ferulic acid stress. From microarray analysis, several gene groups were identified to show significant 
change for each status. As the instant response, efflux system related genes were highly up-regulated, 
including the gene encoding major facilitator superfamily and its MarR family regulator, which agrees 
well with previous study with E. coli exposed to ferulic acid. When C. beijerinckii was exposed to 
ferulic acid for more time up to OD of 1.4, heat shock protein coding genes were induced, where 
molecular chaperones were shown to be higher than ATP-dependent proteases, while the genes 
involved in two component signal transduction system were down-regulated. Nitrogenase was also 
expressed and acted to make redox balance which was destroyed by ferulic acid interruption. Addition 
of ferulic acid also made C. beijerinckii initiate sporulation faster, and induced the genes for DNA 
protection during the sporulation against ferulic acid. Based upon the analysis, groES and groEL 
genes, encoding heat shock proteins, were selected to be overexpressed within C. beijerinckii to 
construct tolerant strain to lignin-hydrolysate related compounds. This constructed recombinant strain 
produced more acetone and butanol even under ferulic acid stressed condition, finally providing the 























Chapter 5. Concluding Remarks 
 
5.1 Summary and Conclusions 
As stated in Chapter 1, the use of lignocellulosic biomass, as an alternative feedstock for 
biofuel production, is limited due to its complex structure. One of the problems is that the lignin-
derived compounds inhibit the bacterial activity and solvent production. This research, therefore, is 
aimed to overcome this problem and facilitate the use of lignocellulosic materials, focusing on the 
analysis of the impacts of a phenolic compound at transcription level. To achieve this, the 
transcriptome of the bacterial strains exposed to ferulic acid, one of phenolic compounds, were 
analyzed and several recombinant strains were constructed for the downstream applications.  
Chapter 2 was a study on the transcriptomic analysis of E. coli when exposed to various 
aromatic compounds identified within biomass hydrolysates, including ferulic acid. From microarray 
and RT-qPCR analysis at gene-set or individual level, five biomarker genes were identified, which 
were aaeA, aaeB, marA, inaA and htpG, and their expressions were more characterized when the 
cultures were exposed to the compounds. Responding to the phenolic compounds, dose-dependent 
pattern of those genes was found, consistently showing the highest induction of aaeA and aaeB. Also, 
the use of these genes as biomarkers was demonstrated with an actual hydrolysate sample. When E. 
coli was exposed to spruce hydroslyate prepared by dilute acid, marA, inaA and htpG genes all 
showed the higher expression levels.   
Based on the results obtained above, in Chapter 3, several E. coli bioreporter strains were 
constructed and evaluated their use to determine the presence of phenolic compounds within the 
hydrolysate of biomass. First, inaA gene, which is a member of the mar regulon, was fused with lux 
operon (inaA::luxCDABE) and characterized using various compounds and host strains. This 
transcriptional fusion was shown to be fairly specific for phenolic compounds and the induction was 
notably contingent upon the presence of a functional marA gene. In addition, two different bioreporter 
strains, having the fusion with aaeXAB and yhcN transcriptional promoters, were tested in this study.  
The former showed significantly strong response to phenolic compounds with low MDC levels and 
the latter was able to detect furfural. Finally, although these sensors cannot be used within anaerobic 
fermentation system directly due to the oxygen requirements of the Lux proteins, the potential of 
those fusion strains as the biosensor was demonstrated by testing of actual hydrolysates and 
monitoring the biodegradation of phenolic compounds.  
Chapter 4 shifted the focus from model organism, E. coli, to a butanol producing strain, C. 
beijerinckii, and investigated its transcriptional change under ferulic acid stress. The results agreed 
well with previous study with E. coli, showing the significant changes of the efflux system, heat 
shock protein coding genes, even though the specific gene and responding time were different. 
Addition of ferulic acid also made C. beijerinckii initiate sporulation faster, and induced the genes for 
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DNA protection during the sporulation, which differs from E. coli. Finally, the recombinant strain of 
C. beijerinckii was constructed to overexpress groE operon genes so that it would be more robust 
under ferulic acid and other lignin-hydrolysate related compounds. Tolerance of the recombinant 
strain to ferulic acid was increased about 15% based on butanol production, which demonstrating the 
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설렘과 두려움으로 시작했던 석•박사 학위과정을 비로소 마치며 많은 분들께 감사의 
인사를 전하고 싶습니다. 먼저, 미생물학은 전혀 접해 보지도 못했던 저를 첫 제자로 
받아주시고 아낌없는 격려와 열정으로 지도해주신 Robert Mitchell 교수님께 진심으로 감사 
드립니다. 늘 존경하며 교수님의 청렴함과 학문에 대한 열정을 본받겠습니다. 그리고 바쁘신 
가운데 논문 심사를 위해 시간 내어주신 이성국 교수님, 김철민 교수님, 상병인 교수님, 
이진형 박사님께도 감사의 말씀을 드립니다. 
부족한 저를 선배로 믿고 따르며 동고동락한 AEML 실험실 후배들, 한솔이, 현수, 
성열이 에게도 고마움을 전합니다. 누나의 온갖 잔소리에도 불구하고 궂은일도 마다 않고 
도와준 덕분에 무사히 졸업할 수 있게 되었어. 고맙고 그 동안 수고했어. Thank you, Ajay 
and Mohammed, as well, for your help! 대학원 동기이자 친구이자 룸메이트였던 수연이, 
가끔 우리 함께 했던 수다타임이 힘든 대학원 생활의 활력소였던 것 같아. 고맙고 항상 
건강하길 바래. 늘 언니에게 긍정에너지를 준 우리 명희, 언니랑 곧 미국에서 재회하자 
조금만 더 힘내. 그리고 지금은 어엿한 회사원이 된 정민이, 곧 엄마가 될 지혜, 우울할 때 
마다 맛있는 커피 내려준 수현쌤 모두 고마워요.  
 언제나 힘이 되어준 나의 친구들도 정말 고맙습니다. 바쁘다는 핑계로 많은 시간 
함께 하지 못해 아쉽지만 박사 친구라며 자랑스러워 해주고 늘 잊지 않고 챙겨준 예나, 미하, 
유정이, 은영이, 수지, 늘 고맙고 사랑한다 내친구들. 우리의 드림 플레이스 괌 꼭 가자! 나 
입히고 먹이고 힘들 때마다 기분전환 시켜준 윤주, 고맙고 이제 내가 보답할 차례구나. 
구름이 엄마 성희와 빛나, 우리 너무 멀리 있어서 자주 보진 못했어도 연례행사 같은 우리 
만남이 큰 힘이 된 것 같아. 늘 응원해줘서 고마워. 그리고 철부지 새내기 때부터 지금까지 
10 년 동안 함께 한 지은이, 늘 용기와 감동을 주고 옆에서 힘이 되어줘서 고마워. 다시 한번 
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말하지만 네가 있어서 끝까지 해낼 수 있었어. 우리 함께 힘든 시간 잘 이겨내서 기쁘고 
자랑스러워. 
그리고 지금의 저를 있게 해주신 가족들 고맙습니다. 지금껏 큰 딸 믿고 한없이 
지원해주신 아빠, 엄마 감사 드리고, 착한 내동생 동일이 정말 고마워. 자주 연락도 못 
드리는 며느리 이해해주시고 예뻐해 주시는 어머님, 아버님 감사합니다. 친언니처럼 
대해주는 진희 아가씨도 고마워요. 우리 가족들 모두 사랑합니다. 그리고 함께 대학원 생활 
하면서 누구보다 의지하고 힘이 되어 준 사랑하는 남편, 종진 오빠, 정말 고맙고, 지금처럼 
욕심 부리지 않고 한 계단씩 나아가는 부부가 되자.  
마지막으로 일일이 언급하지 못했지만 그 동안 저를 아끼고 응원해주신 모든 분들께 
다시 한번 진심으로 감사 드립니다. 
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